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Mechanisms of Exclusive Scale Formation in the High
Temperature Oxidation of Alloys
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The high temperature oxidation of alloys is most often considered within the continuum framework developed by C. Wagner. We
argue that in order to make progress in understanding exclusive scale formation, one needs to examine the atomic-scale kinetic
processes that today are amenable to a variety of experimental, computational and theoretical approaches. In our discussion, we
suggest that there is an analogy between the kinetic processes required for exclusive scale formation and thin film layer-by-layer
growth. In both cases, the magnitude of the Ehrlich-Schwoebel barrier sets an effective length scale for growth, that if too large,
results in three-dimensional rather than lateral island or oxide growth. In this event, exclusive scale formation can only occur if
there is a sufficiently large density of oxide nucleation events at the surface of the alloy. We suggest that a suitably identified, dilute
alloy component, could serve as a “surfactant” that segregates to the surface and is capable of enhancing the nucleation density.
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It has been understood since at least 1965 that lateral growth of
oxide precipitates is necessary for the exclusive growth of a
protective scale.1 In this context, exclusive growth refers to the
lack of any significant internal oxidation. This means that a large
fraction of the protective scale must form during the so-called
“transient oxidation” period.2 In order for lateral growth of oxide
precipitates to occur, interfacial diffusion, perpendicular to the
oxide/air or metal/oxide interface normal, must be important. It
seems straightforward to think of a mechanism for scale formation in
terms of a thin film layer-by-layer, island coalescence or step-flow
growth analogy [Supplementary material Fig. S1 (available online at
stacks.iop.org/JES/169/061501/mmedia)] with two important differ-
ences. One is that in a typical thin film growth process the deposition
flux is constant, while during scale formation in high temperature
(HT) oxidation the flux of the protective scale forming component
(B) is a function of the oxidation time. The second is related to the
identity of the interfacial diffuser which could correspond to either B
and/or oxygen (O) and the subsequent chemical reaction forming
nuclei of the protective oxide. Several authors have already
qualitatively considered the importance of interfacial diffusion and
various aspects of thin film growth processes in the high temperature
HT oxidation of both elemental metals and alloys.3–6

Almost independent of the alloy composition, it seems that there
is always enough of the passivating component available to
“quickly” diffuse to the relevant interface for scale formation.
Consider an alloy at a composition of A Bp p1− for which, as an
illustrative example, a mole fraction of B ≈ 0.5 is required for scale
formation. Diffusion of B from from a depth h (measured as the
number of monolayers) will bring the surface composition of B to

p1 .h− 7 For p = 0.95, diffusion of B from the first 14 atomic layers
will bring the surface composition of the B-component to 0.51.
Assuming that the relevant interface acts as an instantaneous sink for
the B-component, this occurs over time scales of seconds. In the case
of Ag-In alloys for which DIn≈ 2.5 x 10

−11

cm2s−1 at 550 °C,8 it
takes less than one second for this to occur. We conclude that bulk
diffusion of B is not rate-limiting, if an exclusive scale forms during
transient oxidation. Rather, the process determining the rate of scale
formation is most likely related to mixed kinetics involving

nucleation and the lateral growth of oxide precipitates at the alloy
surface.

Wagner’s continuum theory of HT oxidation9,10 and its numerous
modifications that have been developed over the years11 has not
provided us with the atomic scale insights necessary for designing
new alloys with improved high temperature oxidation resistance. With
the advent of multi-principal element alloys (MPEAs) and the need for
higher temperature performance there will be renewed interest in this
problem since in addition to mechanical properties, oxidation behavior
is of primary importance. Exclusive protective scales must form early
on in the oxidation process and display good adhesion.

The organization of this paper is as follows. In the next section,
we demonstrate the importance of the shape of oxide precipitates
within Wagner’s formalism using an approach developed by
Leblond.12,13 These results serve to highlight the importance of
lateral growth of oxide particles for the formation of an exclusive
scale, without the occurrence of internal oxidation. Next, we use a
thin-film analogy to develop a kinetic model for the exclusive
growth of a protective oxide scale based on oxide/air or metal/oxide
interfacial diffusivities and interlayer transport. Hereafter, for
brevity, unless required for clarification, we refer to these interfaces
as “surfaces” and diffusion occurring within these interfaces as
“surface” diffusivity. This model is presumed to be operative during
transient oxidation, i.e., prior to the establishment of a steady-state
and the development of parabolic kinetics. In this analysis, we first
consider the behavior of a model single crystal binary alloy
containing a passivating B component and a base metal A, that is
incapable of forming a thermally stable oxide. In concert with
Wagner’s assumption, the oxide particles forming at the surface are
assumed to be impenetrable barriers to solid-state mass transport of
either the passivating component or oxygen. Following the intro-
duction of the thin film model, we relax the condition connected to
the oxidation behavior of the base metal component, A and consider
cases involving displacement reactions between the metallic B
component and the A-formed oxide. Next, we describe how a dilute
alloying component, termed a surfactant, that is capable of segre-
gating to the alloy surface, could serve to increase the nucleation
density of passivating oxide islands, which according to the model
will enhance the likelihood of forming an exclusive scale. In the
Discussion of our results, we present a generic morphology diagram
that describes the conditions for exclusive scale formation in terms
of the density of passivating oxide particles at the alloy surface and
the homologous temperature.zE-mail: Karl.Sieradzki@asu.edu
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The role of Oxide Precipitate Shape on Exclusive Scale
Formation within the Context of Wagner’s theory

One of the more interesting modifications of Wagner’s theory
that has been developed relatively recently involves the use of
recursive sequences for parameters entering into the solutions of the
diffusion equation.12–14 Upon iteration, these equations effectively
rescale the mole fraction of oxide particles and correspondingly the
oxygen diffusivity. This results in significant reductions of the
diffusivity and consequential external scale formation. In Wagner’s
theory, the oxide precipitates are assumed to have a miniscule
oxygen diffusivity and so serve as impenetrable barriers to transport.
The conditions for exclusive scale formation are N N 1O

S
B
o/ ≪ and

DB/DO = 1.1 Here, NO
S and NB

o correspond to the surface mole
fraction of oxygen or the oxygen solubility in the base metal and
the mole fraction of B, the scale forming component in the alloy.
Di (i = O or B) is the bulk lattice diffusivity of oxygen or the scale
forming component, B, in the elemental base metal. These condi-
tions result in simplification of the solutions to the diffusion analysis
relating the mole fraction of oxide, N ,BOν (ν is the stoichiometric
coefficient of the oxide) to N ,B

o NO
s and the diffusivities,1,11

N N
N D

N D

2
. 1BO B

o B
o

B

O
S

O

ν
π

= [ ]ν

The starting point is the use of an effective medium theory (EMT)
for how DO is reduced as a function of the volume fraction, F, of
BOν precipitate particles. Several EMTs have been examined, but the
most detailed work is based upon finite element calculations of
thermal conductivity yielding,13

D D F1 2O O
o W= ( − ) [ ]χ ( )

where DO
o is equal to the oxygen diffusivity in the precipitate-free

base metal, W W1 0.44 ,χ ( ) = + and W is equal to the aspect ratio
(major axis/minor axis) of the oblate-spheroid shaped precipitates,
with their major axis oriented parallel to the surface (i.e., axis of
rotational

symmetry perpendicular to the surface). The volume fraction of
precipitates, F, is given by the rule of mixtures,14

R

R
F

D 1
3n

n
O
n1 1β

=
+ −

[ ]
− −

whereR is equal to the ratio of the molar volume of the oxide to that

of the alloy, V V ,BO
M

alloy
M/ν and .N D

N D2
O
S

O
o

B
o

B
2β = π

ν ( )
Equation 3 has been

written in the form of a recursive sequence where the n, n-1, etc,
superscripts correspond to successive terms in the sequence. The
iterative process starts using Eq. 1 with F = 0 and D DO O

0=
yielding values of NBO

0
ν and β0. These are substituted in Eq. 3 to

obtain F1. Then Eq. 2 is used to obtain DO
1 which is substituted into

Eq. 1 to obtain NBO
1

ν and β1. The iteration continues until a stable
fixed point is reached defined by the condition that
F F F ,n n

crit
1= =− the critical volume fraction of the scale forming

component. The corresponding critical mole fraction of the scale
forming component, NB crit

o
, is given by (1/R) Fcrit and for

N N ,B
o

B crit
o
,> exclusive scale formation is predicted. Leblond found

that he could obtain a result similar to that of Rapp’s for Ag-In alloys
for a precipitate aspect ratio W = 3.13 Zhao et al., performed a
similar analysis,14 based on an EMT developed by Maxwell,15 and
found that the fixed point was given by,

R

R
F

2

6 2
4crit

1 2

1 2 1 2
=

+
[ ]

/

/ /

For the case of Ag-In alloys,R 2,≅ so that from Eq. 4, F 0.54.crit ≅
This discrepancy from Rapp’s result of F 0.3crit ≅ is connected to
various shapes that the precipitate particles can take which is not
considered in the EMT used by Zhao et al.14

In his first paper on the development of recursive sequences in
order to identify the internal/external oxidation transition, Leblond
commented on the use of a percolation model, rather than an
effective medium theory.12 We examined this by using an explicit
form for the oxygen conductivity based on percolation theory,16

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

D D
F F

F
D

F1

1

0.84

0.84
, 5O O

t

O
0 0

2*
*

= − −
−

= − [ ]

where, F* is the percolation threshold of the conducting phase. This
is equal to about 0.16 for the case of continuum percolation of a
random close-packed structure17,18 and t, the conductivity exponent
in three dimensions is equal to 2.19 Figure 1 shows a plot of D DO O

0/
versus F which is qualitatively similar to the Leblond and Maxwell
effective medium models with the important distinction that D DO O

0/
= 0 for F ⩾ 0.84.

The expression for DO in Eq. 5 is substituted into Eq. 3 to obtain
the recursive sequence,

⎜ ⎟
⎛
⎝

⎞
⎠

R

R

F
F0.84

0.84
1

6n

n
n

1
1 2

β

=
+ − −

[ ]
−

−

As shown in Fig. 2a, we solved this recursion graphically for Ag-
In alloys (R 2≅ ). The solution to the recursion relation for the
critical volume fraction of oxide particles is≅ 0.30, but the similarity
to Rapp’s result may simply be a coincidence, since Eq. 5 does not
consider the shape of the oxide particles.

In order to explore this in more detail, we solved the recursive
sequences for the percolation model and both the finite element
derived EMT developed by Leblond13 and Maxwell’s EMT used by
Zhao et al.14 as a function of V V .BO

M
alloy
M/ν Figure 2b shows that both

the percolation and Leblond’s model for W = 3 are in good
agreement, however the range of Fcrit values attainable as a function
of V VBO

M
alloy
M/ν for all three models is limited. Figure 3, developed

Figure 1. Normalized conductivity as a function of the volume fraction, F,
of oxide (non-conducting) precipitate.
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using Leblond’s EMT for V V 2,BO
M

alloy
M/ =ν is an example of how the

shape of the oxide precipitates affect Fcrit. There is clearly a stronger
effect of aspect ratio, W, than that observed in Fig. 2b for the molar
volume ratio. Our analyses of these results suggest that without
consideration of precipitate shape and orientation, both of which
relate to the importance of lateral growth, the correct physics
controlling the transition cannot be understood within the context
of any theory. While there has been some attention to characterizing
oxide precipitate size distributions and morphology using carbon
replica/TEM techniques,20 to date, these characterizations are not
sufficiently quantitative for verifying the use of the recursive
approach in determining the conditions required for exclusive scale
formation. We suggest that given these issues, it seems worthwhile
to explore other models of exclusive scale formation in the HT
oxidation of alloys.

Thin Film Growth Analogy

As discussed in the Introduction, if exclusive protective scales
are to form, this must occur early on in the HT oxidation process. To
the best of our knowledge, all HT oxidation experimental work
employ samples with an initial condition of air-formed surface
oxides as virtually all elemental metals “oxidize” to some extent
(even if only a chemisorbed monolayer) in air at ambient tempera-
ture. These air-formed oxides very quickly give way to the HT oxide
growth process described below. Nevertheless, it is instructive, in a
general sense, to discuss how these ambient temperature air-formed
oxides form in elemental transition metals and aluminum. We note
that this has been rather extensively explored in the past 20 years
using a variety of experimental approaches and first-principles based
calculations owing to the interest in oxidation catalysts.21–31 Here,
we summarize the most general features of these investigations
which pertain to the transition from an initial chemisorbed phase to a
sub-surface oxide phase.

The important aspect of the chemisorption of dioxygen is the
development of full coverage, low-density, adsorbed surface phases.
Full coverage, low-density means that, for example, in the case of a
FCC (111) surface, every nth three-fold hollow normal FCC site on
the surface is occupied. Thus while the coverage, as measured with
respect to surface occupation, θ is only 1/n, the surface is uniformly
covered with this low-density adsorbed phase. With increasing
quantities of oxygen adsorption, the density of these full-coverage
phases increase, as does the magnitude of repulsive interactions in
the electronegative oxygen adlayer.21,25 Eventually, at a critical
value of θ, it becomes thermodynamically favorable for oxygen to be
incorporated into sub-surface interstitial sites.22 This incorporation is
effectively the nucleation of sub-oxides with structural units that
may be already indicative of thermodynamically stable BOν.

31At
least in part, since sub-surface oxygen incorporation involves a
lattice expansion, the critical value of θ at which this occurs is
dependent on the elastic properties of the metal.21 We expect that
once oxygen is incorporated sub-surface, that thermodynamically
stable isolated oxide nuclei form quickly. Thus, we can expect that
the air-formed film may already contain BOν nuclei which could
serve as initiation sites of transient HT oxidation.

In what follows we adapt the model of thin film growth kinetics
in Tersoff et al.32 to the problem of exclusive scale formation. While
there have been several modifications to these general concepts,33–35

the clearest explanation of the general ideas is made in.32 For the

Figure 2. Results of a graphical solution to the recursion relations. a. Continuum percolation model showing that F
crit

≅ 0.30. The critical value of β in Eq. 6 is
13.3. The formation of an exclusive external scale is predicted for β less than the critical value and internal oxidation is predicted for β greater than the critical
value. For example, the solid blue line corresponds to β = 7 and the dashed blue line corresponds to β = 35. b. Solutions to the recursive sequences for the
percolation model (black), Leblond’s EMT (W = 3 red: W = 10 brown) and Maxwell’s EMT (green) as a function of V V .BO

M
alloy
M/ν Dashed lines are guides to the

eye.

Figure 3. Leblond’s EMT prediction for the critical volume fraction of
oxide precipitates as a function of the particle aspect ratioW. The dashed line
is a guide to the eye.
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simplest case, we consider a single crystal alloy containing a
passivating B component and a base metal A, that is incapable of
forming a thermally stable oxide. The flux of molecular oxygen to
the alloy surface, J ,O2 is controlled by the external oxygen pressure

and from kinetic theory is P m k T2 ,O O B2 2π/ where mO2 is the mass
of the oxygen molecule. The flux of the passivating component to
the surface, JB scales as D t .B

1 2( / ) / For oxygen and B atoms arriving
at or already present at either the alloy/BOν interface and/or PO2/BOν
interface locations not occupied by BOν islands, there are two
possible outcomes. Either new oxide islands will nucleate between
previously existing ones and/or the concerted surface diffusion of
both components results in attachment at the steps of pre-existing
islands, i.e., growth by a step-flow mechanism (Fig. S1).

Figure 4 shows a two-dimension cross-section of a vicinal
surface that we use to discuss the portion of JB arriving at pre-
existing oxide island locations. This problem is similar to that of
heteroepitaxial deposition except that the interfacial diffusion
processes responsible for lateral growth may occur at a buried
alloy/BOν interface and/or at a PO2/BOν interface. There are three
competing length scales shown. The mis-cut defines a length scale,
Ls, in the problem corresponding to the physical extent of a terrace
on a vicinal or vicinal-like surface.32 If the surface has been
mechanically or (electro) chemically polished, the surface could
contain steps many monolayers in height, but an average Ls could be
defined by appropriate characterization with an atomic force micro-
scope or similar device. A second length scale is L a2 α= /α , where a
is the hopping distance and α = E k Texp ,ES B(−Δ / ) corresponds to
the probability that an atom will cross over the oxide step edge,
which behaves as a diffusion barrier. In heteroepitaxial thin film
growth, the Ehrlich-Schwoebel (ES) barrier can result from a loss of
neighbors for an atom at a descending step as well as a change in
neighbor identity.36,37 EESΔ is the amount by which the activation
energy for crossing the barrier exceeds that for surface diffusional
hopping. Heuristically, one can consider Lα to correspond to the
number of times the diffuser visits the barrier prior to crossing,
multiplied by the size of the island. A third length scale in the figure,
L a D J4 ,n s

i
B

2 1 6= ( / ) / (where Ds
i is the surface diffusivity, i = B and/or

O) corresponds to about half the distance between islands or half the
average island size.32 If an island of radius R is larger than a critical
size, Rc, nucleation of a new layer will occur prior to the diffuser
surmounting the ES barrier resulting in vertical (i.e., 3D) island
growth. This means that the interlayer transport of atoms arriving at
these surfaces must be rapid, otherwise, nucleation of islands occurs

on the uncompleted growing monolayers of BOν For growth
occurring at the PO2/BOν interface, Ds

i will correspond to the surface
diffusivity of dioxygen molecules and/or oxygen atoms. For the
buried interface, while there may be no loss of neighbors for a
B-atom attempting to cross the step edge, surface defects (e.g.,
dislocations, vacancies) in addition to thermodynamic factors such
as neighbor identities may still impose such a barrier.38 If the ES
barrier and its associated length scale, Lα is small enough in
comparison to Rc, lateral growth by island coalescence will take
place (i.e., layer-by-layer growth), otherwise, 3D island growth will
occur. These length scales were used by Tersoff to develop a
criterion for lateral island growth,32

E k T D J a6 ln 7ES B s
i

B
4Δ < ( / ) ( / ) [ ]

Note that the right-hand side (RHS) of Eq. 7 is maximized for large
Ds

i and small JB. In the composition range (0.05 < NB
0 < 0.25) and

over the time scales of interest (1–60 s), JB will only change by a
factor of ∼10.

We consider the HT oxidation behavior of two exemplary alloys,
Ag0.85In 0.15 and Fe0.80Cr0.20 at PO2

≈ 105 Pa for the case of a buried
interface, at temperatures of 823 K and 1273 K respectively. At the
indicated temperatures the lattice diffusivities, DIn and DCr are available
from existing literature.10 Here J N n V D t0.05 ,B B

o
A alloy

M
B

1 2π≈ / ( / ) / where
nA is Avogadro’s number. For each of these alloys, JB is evaluated at
t = 1 s and D ,s

i while unknown, is taken to be of order 10−6 cm2s−1, in
order to maximize the RHS of the equation. In the case of Ag0.85In0.15
the RHS of Eq. 7 is 0.25 eV and in the case of Fe0.80Cr0.20 it is 0.40 eV.
This analysis predicts that for EESΔ less than the indicated values,
growth of exclusive scales should occur. More generally, if EESΔ <
kBT, then L <α Ln and lateral growth of the oxide and exclusive scale
formation will occur. At a temperature of ∼1250 K this corresponds to
∼0.10 eV. The appropriate EES values for these systems are currently
unknown, however, in the case of thin film growth of metals, ES
barriers are in the range of 0.02 − 0.50 eV.39–41 There are also a few
reports in the literature discussing the magnitude of these barriers for
growth on oxide surfaces which are in the same range of values.42–45

As illustrated in Fig. 5, if the ES barrier is too large, 3D cluster
growth occurs. Nevertheless, if the space between the islands is
small enough, corresponding to a high particle density, then the 1st
layer of oxide islands may still be able to close up, forming a
protective scale prior to measurable internal oxidation. Monte Carlo
simulations and continuum calculations46,47 for such cluster growth

Figure 4. Length scales defining the competition between layer-by-layer resulting in island coalescence of oxide particles and 3D island or cluster growth.
Cluster formation at the O2/alloy interface involves interface diffusion of oxygen and/or B.
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in thin film deposition have shown that the clusters can evolve into
the “wedding cake”- or pear-shaped morphologies observed in HT
oxidation of a NiAl0.08Cr0.08 alloy14 and an equimolar CoCrFeNi
alloy.6 The shape function describing the asymptotic cluster
boundary, in the limit of an infinitely large ES barrier, is

x C erf x1 1 2 ,Φ( ) = − [ + ( / )] 46 where C is an integration con-
stant effectively defining the extent of the island base. Importantly, if
the islands grow too large in the vertical direction prior to
coalescence, then bulk diffusion transport to the island bases
becomes sterically hindered which could significantly delay lateral
island growth resulting in internal oxidation. These wedding-cake
shaped oxide islands could eventually evolve into 1D wire-like
structures that would serve to define the protective scale morphology
at length scales larger than the thickness of the scale defined by the
base of the wires. A qualitative picture of the formation of HT
protective Al2O3 scales similar to Fig. 5 has been previously
discussed, but not within the context of thin-film growth.48

Based on the analysis of the thin-film model presented above, we
now consider the effect of relaxing the restriction on the model
system related to the stability of the oxide of the base metal
component A. For example, for Fe-Cr, Ni-Cr and Co-Cr alloys,
the base metals can form thermally stable oxides at relevant
temperatures in HT oxidation. In this scenario, Cr2O3 nuclei could
form either by a general displacement reaction,
Cr xAO CrO xAx+ = +ν ν or direct reaction with oxygen. In either
case, crystal steps/kinks which are the most reactive sites on the
surface would likely serve as locations for the formation of Cr2O3

nuclei that could undergo lateral growth by a step-flow mechanism.
In the case of Cr2O3 islands forming on terraces by direct reaction
with oxygen, the interlayer transport processes described above are
still expected to be operative. However, the surface would no longer
serve as an “instantaneous” sink for B-atoms so that the time
required for the formation of a continuous BOν scale could
significantly increase from seconds to many minutes.

Surfactant Effects

In what follows, we briefly describe approaches for increasing
the surface nucleation density of oxides by the use of what may be
termed a “surfactant.”39,49–52 Here we use this term to mean a dilute
alloy component capable of segregating to the alloy surface and step
edges. The driving force for segregation of this component is a
lowering of the interfacial/step energy and/or a high affinity for
oxygen. Figure 6 illustrates the possible atomic-scale mechanisms of
such a surfactant.49,53 One involves finessing the ES barrier
associated with interlayer transport by an exchange process that
could also involve a displacement reaction. In direct exchange
(indicated by 1 in Fig. 6), a B-atom (indicated in red color)

exchanges places with the surfactant component indicated in gold
color. This could have the beneficial effect of lowering the elastic
energy associated with the formation of a BOν phase since the
volume dilation may be significantly reduced. A second process
(indicated by 2 in Fig. 6), involves a direct reduction of the ES
barrier if the surfactant segregates to the edge of an existing island.
In this case, the B component exchanges its position with the
surfactant atom leaving the latter attached to island edge. Each of
these mechanisms could enhance the formation an exclusive scale
under N P,B

o
O2 and T conditions for which this would not otherwise

occur. In addition to these mechanisms, such a surfactant could also
increase the nucleation density by lowering step edge energies
(indicated by 3 in Fig. 6) and so the activation energy for nucleation.

Discussion

The ES barrier length scale, L ,α decreases exponentially with
increasing temperature. Ln is a function of Ds

i and JB and both of
these quantities relate to thermally activated hopping. Generally,
since the activation energy for bulk diffusion, EB, is larger than that
for surface diffusion, ES, the quantity (Ds

i /JB) will scale as exp (EB -
ES) for which EB - ES > 0, indicating that Ln will also decrease with
increasing temperature. Island coalescence will occur prior to 3D
growth if Lα < Ln. The temperature at which this occurs, TIC, is
defined by the condition, L R .n c≈ Figure S2 (supplementary data
stacks.iop.org/JES/169/061501/mmedia) shows results for the tem-
perature dependence of Lα and Ln for realistic parameter values. As a
result of the exponential decrease of Lα with temperature, unless
BOν vaporization processes intercede, there will always be a high
enough temperature for which L <α Ln so that layer-by layer growth
will occur either by island coalescence or step flow (Ls < Ln). As
shown in Fig. 7, these considerations allow for the construction of a
generic morphology diagram for exclusive scale formation for an
A Bp p1− alloy for p in the range of 0.80–0.95. The figure shows three
general regimes for exclusive scale formation. One occurs in the
region of high enough oxide island nucleation density for which little
lateral diffusion is required for the oxide islands to coalesce (blue).
A second regime occurs when L <α Ln and requires significant
lateral growth for island coalescence (red). A third region occurs at
high enough temperature for which L L Ln s≈ < α (grey/gold).

We have some suggestions for experimental validation of the
general concepts described in the proposed thin film model. Single-
crystal alloy samples such as Ag-In or Fe-Cr could be heated to the
temperature of interest in a reducing or non-oxidizing atmosphere.
Afterwards, the samples would be exposed to the oxidizing atmo-
sphere for very short periods of time. Alternatively, samples could
be configured such that the time to reach the prescribed oxidation

Figure 5. “Wedding-cake” shaped 3D islands forming at a buried alloy/oxide interface. If the island density is large enough, they can coalesce as shown across
the left-most terrace, forming a portion of the protective oxide scale. The inset shows the asymptotic shape of the clusters in the limit of an infinitely large ES
barrier.

Journal of The Electrochemical Society, 2022 169 061501

http://stacks.iop.org/JES/169/061501/mmedia


temperature in the oxidizing environment is short (∼1 min) as was
done by Chattopadhyay and Wood.2 Characterization would involve
FIB sectioning and SEM examination of the cross-section.
Alternatively, FIB machined STEM samples could be taken from
the alloy surface and characterized. We note that the work of Yu
et al. already provides some proof of concept for such experiments.6

Ehrlich-Schwoebel barriers could be calculated using first-principles
approaches and model predictions could be compared to the
experimental characterization results. Additional experiments could
be conducted with a polycrystal of the same alloy in order to
elucidate grain boundary effects.

While we find that the thin-film growth model described above is,
in principle, able to make quantitative predictions for the formation
of exclusive scales, various parameters such as the relevant ES
barriers and the interfacial diffusivities are currently unknown. An
improved understanding of exclusive scale formation in HT oxida-
tion centers around several important issues occurring very early in
HT oxidation, that today, are amenable to experimental character-
ization and first-principles based calculations.

One issue is related to the size, shape and density of the oxide
particles forming at the surface. It seems that Rapp’s identification of
a “critical” volume fraction of oxide for the Ag-In system of ≈ 0.3
is a number almost universally used as a scale forming criterion for
many alloys that have been studied. Yet clearly, based on our
analysis, the shape of the oxide particles seems crucial for establish-
ment of a critical volume fraction of oxide precipitates, which
depends on surface and bulk transport in the alloy as well as the
nucleation and growth of oxide particles. A consequence of
Wagner’s original model is that the oxide particles forming in the
inner oxidation zone are homogeneously distributed within that
zone. Yet, in order for exclusive scale formation to occur, one would
expect that a much higher density of particles actually forms very
close to, or at the surface with a steep gradient of the oxide volume
fraction going into the bulk of the alloy [see Fig. 6.25 in Ref. 11].
Additionally, an important related question is, how does the grain
size of the oxide forming the external scale compare to the thickness
of the scale? This type of characterization would provide us with
information on important details of the oxide growth process.

A second issue connects to surface and/or interfacial diffusivities
and the magnitude of ES barriers. There has been some determina-
tion of these barriers in thin film deposition using scanning tunneling
microscopy. This was done by examining the formation and relative
populations of 2nd and 3rd layers of Ag clusters on previously
grown and well characterized primary Ag islands on Pt(111).41 An
Avrami-like analysis was used to determine a critical island size, Rc,
for 3D cluster growth. This data was used in conjunction with
equations developed in32 from which the barrier was calculated. It is
important to note that there are two different kinetic mechanisms for
navigating the barrier. One involves step-edge crossing as illustrated
in Fig. 4. The other involves direct incorporation through a terrace
into the oxide particle which finesses step-edge crossing.21,49 While
these parameters may be accessible via scanning probe or low
energy electron microscopy, first principles approaches may yield
the most reliable values and will also be able to inform us on the
details of the mechanism for overcoming the barrier. STM has also
been used to investigate the growth of oxides on Ni- Cr(100) alloy
surfaces between 300 °C–500 °C.54–56 Modeling suggested that in
this temperature range, oxygen surface diffusion controls lateral
growth and coalescence of NiO islands.54

The possible beneficial effects of surfactants, which is a dilute
alloying effect, may be related to some of the so-called “reactive
element” effects, which have received considerable attention in the

Figure 6. Illustration of how a suitable surfactant could affect both the lateral growth and the nucleation density of BOν oxide (violet color) clusters for the case
for the case of a buried interface. The B passive film forming metallic atoms are in red color and the surfactant atoms are in gold color. Surfactant atoms are
located within the terrace (of the oxide), and at step-edge positions. OC is an oxide island cluster with surfactant atoms located at the island perimeter. The
numbers 1, 2, 3 and corresponding arrows, show examples of surfactant-mediated exchange processes described in the text.

Figure 7. Generic morphology diagram for exclusive scale formation (ESF).
The x-axis is the homologous temperature of the alloy, T

H
, and the y-axis

corresponds to the dimensionless density, (R Lc n/ )
2

, of oxide islands forming
at the alloy surface. ESF by layer-by-layer growth resulting in island
coalescence can occur when (R Lc n/ )2 > 1 and T > T

IC
where T

IC
corresponds

to the temperature at which L <α L
n
(Supplementary Material). At a high

enough temperature, L <α Ln and < L ,s so island coalescence and/or step
flow growth is predicted resulting in ESF. Below about T

H
/3, lattice diffusion

is limited. At a high enough nucleation density 3D islands can coalesce as
shown in Fig. 5. T

SF
corresponds to temperatures for which both island

coalescence and step-flow growth can occur. Boundary lines are not meant to
indicate a sharp transition between regimes and overlapping colors corre-
spond to surfactant effects.
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HT oxidation literature.57–59 There have been numerous mechanisms
proposed for these effects and our discussion of surfactants is
another way of thinking about how dilute alloying components could
contribute to the process of exclusive protective scale formation.
More recently, the general qualitative concepts of increased nuclea-
tion density and lateral oxide growth have been discussed with
respect to the θ–to α–Al2O3 phase transformation,60 but the detailed
atomic scale processes remain an open issue that may benefit from
our description of surfactant effects. There are of course well-known
effects of some of these additives that our analysis does not
directly address, for example, the gettering of deleterious impurities
such as sulfur which can result in substantially improved scale
adhesion.

Conclusions

A thin-film growth analogy has the potential to provide some
insights for an understanding of the atomic-scale processes involved
in exclusive scale formation in the HT oxidation of alloys. The
unknown parameters required to test the usefulness of this approach
includes the surface/interfacial diffusivities of oxygen species as
well as that of the scale forming component and the magnitude of ES
barriers. These values should be amenable to first-principles-based
calculations. Additionally, suitably designed scanning probe experi-
ments may be able to provide experimental information regarding
surface diffusivities as well as the magnitude of the ES barriers.
Even lacking these results, our analysis shows that for a large
enough nucleation density of oxide particles exclusive scales should
form.

The key unknown parameters in the recursive sequence analysis
of Wagner’s formulation are the shape, size and orientation of the
oxide particles forming close to the surface. A statistical character-
ization of these parameters would make it possible to develop a
corresponding effective medium or percolation model that could be
used to test this approach.

There remains a considerable amount of research to be performed
using modern electron microscopy techniques characterizing exclu-
sive scales both during the formation process as well as following its
completion. We suggest that such characterization be first performed
on elemental metals or binary alloy systems under intensive
thermodynamic conditions and at compositions known to result in
exclusive scales.
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