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A B S T R A C T

This paper presents insight into the structure and transport mechanisms involved in the surface oxidation of
Hastelloy BC-1, gained by means of in situ time-of-flight secondary ion mass spectrometry and X-ray photo-
electron spectroscopy. The native, air-formed oxide, comprising Cr-rich (inner) and Mo-rich (outer) layers, was
found to be on the order of 1–2 nm thick. Oxide thickness did not change when the temperature was increased to
300 °C in oxygen atmosphere but increased to ˜10 nm after exposure at 500 °C. The mechanisms of oxide growth/
maintenance as well as observations on the effect of elevated temperatures on oxide structure are discussed.

1. Introduction

A major component of corrosion research focuses on how individual
alloying elements influence the properties of an alloy. Chromium ad-
ditions have been shown to lead to the formation of a Cr-rich oxide,
responsible for passive behavior [1–5]. Additions of molybdenum to Cr-
containing alloys are known to stabilize the barrier oxide in acidic
media, such as HCl, as well as increase resistance to localized corrosion
[1,2,5–7]. Together, the combination of Cr and Mo in both Fe- and Ni-
based alloys has been characterized by a duplex (or bilayer) oxide
structure, with Cr and Mo dominating the inner and outer oxides, re-
spectively [5,8–10]. Due to their industrial relevance, including the
petrochemical and chemical processing, nuclear, and aerospace in-
dustries, the nature of Cr/Mo-containing oxides remains the focus of
ongoing research [11–13].

A subset of these studies has focused on gas phase, particularly low-
pressure, oxidation [14–16]. Exposure of Cr-containing alloys to high
temperatures is known to lead to the volatilization of the protective
oxide [17,18]. This is a particularly important process in the con-
sideration of materials for use in combustion engines and their related
components (e.g. exhaust system) as well as supercritical water appli-
cations. Such processes necessitate a thorough understanding of surface

oxidation mechanisms. Poulain et al. investigated the kinetics of oxide
growth and identified the transport of ions through oxides formed on a
pure Cr substrate [19]. In their discussion of a kinetic model, the au-
thors suggest the existence of Cr volatilization occurring at tempera-
tures as low as 300 °C. In a separate study by Yu et al., crystallographic
information pertaining to the early oxidation of Ni-Cr and Ni-Cr-Mo
alloys was reported using in situ environmental transmission electron
microscopy [20]. Although focused on higher temperatures, their re-
sults show the progression of oxide nucleation and demonstrate the
benefit of alloyed-Mo in preventing the formation of voids.

Since transport processes in oxides are governed by the oxide defect
structure, in addition to considering the mechanisms occurring for
oxides grown under controlled environments it is important also to
consider the oxidation mechanisms occurring for oxides initially formed
in air, i.e., native oxides. While working with a native oxide limits the
kinetic information pertaining to early oxide formation, the effects of
applied temperature on oxide structure, as well as transport processes,
can still be studied. Herein, the native oxide existing on Hastelloy BC-1
is investigated by a combination of in situ time-of-flight secondary ion
mass spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy
(XPS) measurements. Heating to 300 °C is demonstrated to result in
minor structural changes in the oxide, although the details remain
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unclear. At 500 °C the oxide was found to thicken due to the growth of
the inner Cr-rich oxide. While oxide structure is discussed, the focus of
the present work is on the transport mechanisms occurring during
surface oxidation. Controlled oxidation of pre-oxidized (native oxide)
Ni-Cr-Mo alloys with 18O2 (300 and 500 °C) as an isotopic label high-
lights the location of O2− incorporation in the oxide, allowing the
transport of ions through the oxide to be determined.

2. Experimental

Samples, provided by Haynes International (Kokomo, IN, USA),
were machined to dimensions of 1 cm×1 cm×0.3 cm. All samples
were ground using wet SiC paper (P600-P2400) and polished with 6-,
3-, and 1-μm diamond suspensions. Prepared samples were ultra-
sonically cleaned in acetone, ethanol, and deionized water, and dried in
a stream of compressed air. Following surface preparation and cleaning,
samples were stored overnight in a desiccator prior to analysis.

XPS measurements were carried out on a Thermo Electron Escalab
250 spectrometer, employing a monochromatic Al Kα X-ray source
(hν=1486.6 eV). For all measurements, the pressure inside the ana-
lysis chamber was maintained at, or below, 10−7 Pa. Instrument cali-
bration was performed using the 4f7/2 signal (83.95 eV) of a standard
Au sample. A circular spot (diameter of 500 μm) was used to excite
photoelectrons with a take-off angle of 90°. Survey spectra were re-
corded using a 100 eV pass energy at a step size of 1 eV. High-resolution
spectra of the C 1s, O 1s, Ni 2p, Cr 2p, and Mo 3d core levels were
collected using a 20 eV pass energy at a step size of 0.1 eV. Spectra were
charge-corrected with reference to the aliphatic (C–C) carbon con-
tamination signal (284.8 eV). Signal deconvolution was performed with
CasaXPS software (v2.3.14) using a Shirley background subtraction.
The model used to calculate an approximate film thickness from pho-
toelectron intensities was adapted from a previously employed meth-
odology [21,22]. A summary of the model is included in the SI. Values
of inelastic mean free path (λXY) used were calculated by the TPP2M
formula [23].

ToF-SIMS measurements were carried out on a dual-beam ToF-SIMS
V spectrometer (ION-TOF GmbH, Muenster, Germany). Depth profiles
were obtained using a dual-beam mode in which a Bi+ ion beam was
used to produce secondary ions, and a Cs+ ion beam was used to sputter
(or remove) material. Material was removed from a 500 μm×500 μm
area, while secondary ions were released from the center of the re-
sulting crater with an area of 100 μm×100 μm. The Bi+ ion beam was
operated at a current of 0.1 or 1.2 pA, indicated with the respective
data. The latter provided sufficient ion counts to analyze trace species
existing in the oxide, while the former avoided issues of detector sa-
turation by concentrated species. For a Cs+ beam current of 20 nA, the
sputter rate was determined by surface profilometry on a sputter crater
to be 0.02 nm s−1. Since the resulting sputtered area was consistently
deeper than the oxide film was thick, the experimentally determined
sputter rate was influenced by sputtering rate of both the oxide and
metallic specimen. During analyses, the pressure in the analysis
chamber was maintained at< 5×10−7 Pa. At each condition (i.e.,
temperature or oxidation time) depth profiles were collected at both 0.1
and 1.2 pA primary beam currents.

Immediately after the specimen was introduced, and prior to the
application of heat, the air-formed oxide was analyzed at both primary
beam currents. Due to the destructive nature of sputtering, each depth
profile was collected at a different, unperturbed area on the coupon
surface. The specimen was then heated to a temperature of 300 ± 1 °C
using the heating stage. Modifications to the air-formed oxide due to
heating were analyzed. A precision leak valve was then used to in-
troduce a constant supply of 18O2 into the analysis chamber, such that
the partial pressure P18-O2 was constant at 1×10−3 Pa. After the de-
signated oxidation time had elapsed, the leak valve was closed while
the sample temperature was maintained at 300 ± 1 °C, and the
chamber immediately pumped down to the base pressure

(< 5×10−7 Pa), and depth profiles were collected at the two primary
beam currents. This process -oxidation and depth analysis- was carried
out for 1, 5, 15, 30, and 60-min oxidation times. Following oxidations at
300 °C, the temperature was elevated to, and maintained at,
500 ± 1 °C where the coupons were again oxidized by exposure to
18O2.

3. Results and discussion

3.1. Air-formed oxide

Ions selected for the interpretation of depth profiles include NiO2
−,

CrO2
−, MoO3

−, and Ni2−. While NiO2
−, CrO2

−, and MoO3
−, are in-

dicative of their respective oxides [15,24], Ni2− is associated with the
underlying metal substrate [15,19]. Briefly, as the oxidized metal sig-
nals (MOn

−) decreased into the sample, the Ni2− signal increased,
reaching a quasi-plateau once the metallic interface was reached.
Therefore, the oxide/metallic interface, and thus the oxide thickness
could be interpreted relative to the location of maximum intensity or
the quasi-plateau of the Ni2− signal [15]. To quantify thickness, depth
profiles were converted from a time base to a function of depth using
the experimentally determined sputter rate, 0.02 nm s−1. The original
sputter time and the corresponding depth are included for all depth
profiles, on the upper and lower horizontal axes, respectively.

A depth profile of the initial air-formed oxide is presented in Fig. 1.
The oxide was found to include an unambiguous bilayer structure.
Three distinct regions were identified in Fig. 1: (i) A Mo-rich outer
oxide layer, (ii) a Cr-rich inner oxide layer, and (iii) the underlying
metallic substrate. Signals corresponding to MoO3

− and CrO2
−

achieved maximum intensities at ˜18 s (˜0.36 nm) and ˜46 s (˜0.92 nm),
respectively. The formation of bilayer oxides on Cr/Mo containing al-
loys has been extensively documented [8–10,25,26]. Recently, the
origin of this bilayer structure has been attributed to the rapid diffusion
of Mo through an initially formed Cr2O3-rich layer [11,12]. While the
inner Cr-rich oxide layer is generally accepted as the barrier layer re-
sponsible for corrosion resistance [1,2], the role of the Mo has been a
topic of continued investigation.

Signals for NiO2
−, although low in intensity, overlapped with the

signals for MoO3
− and CrO2

−, suggesting the presence of a small
amount of oxidized Ni within the Cr- and Mo-rich layers. Corresponding
NiO2

− and CrO2
− signals have been suggested to imply the possible

Fig. 1. ToF SIMS depth profile of the air-formed oxide present on BC-1 fol-
lowing the surface preparation procedure. Approximate locations of the (i) Mo-
and (ii) Cr-rich layers, as well as the (iii) metallic substrate are indicated.
Primary Bi+ beam operated at 1.2 pA.

J.D. Henderson, et al. Corrosion Science 159 (2019) 108138

2



existence of a spinel oxide, NiCr2O4. Spinel (or mixed) oxides have been
observed following gas-phase oxidation under a range of conditions
[14–16,20,27], although our XPS data were more indicative of the
formation of Ni(OH)2 (see below). Additionally, electrochemically
grown films have also demonstrated a similar co-existence of Ni and Cr
species in the inner oxide film [8,9,28,29].

The air-formed oxide, present after the surface preparation proce-
dure, was also investigated by XPS. Review of survey spectra, not
shown, identified the dominant photoelectron signals to be the Ni 2p,
Cr 2p, Mo 3d, O 1s, and C 1s peaks. High-resolution Ni 2p3/2, Cr 2p3/2,
and Mo 3d spectra are presented in Fig. 2A–C along with the fit ob-
tained by deconvolution of Ni 2p3/2, Cr 2p3/2, and Mo 3d5/2 and 3d3/2
core levels. Fitting parameters were taken from the previously pub-
lished work of Biesinger et al. (Ni [30,31] and Cr [31,32]), Spevack
et al. (Mo [33]), and Marcus et al. (Mo [34,35]). Taking into account
the intensity ratio between the satellite and main Ni(II) peaks, it was
possible to distinguish Ni(OH)2 species (ratio around 0.3) [30,36,37]
from spinel oxides, NiCr2O4 (ratio around 0.7) [31,32,38,39]. For
specimens analyzed here, the experimental ratio was 0.35, suggesting
that Ni(II) existed mainly as Ni(OH)2.

Considering only the signals arising from the major alloying ele-
ments, Ni, Cr, and Mo, the surface concentrations (%at.) in the oxide
layer and underlying metallic substrate were determined and are
summarized in Table 2. This assumes that a continuous and homo-
geneous oxide layer covered the underlying metallic substrate. Included
in Table 2 is the nominal composition of BC-1 converted from %wt.

(Table 1) to %at. for reference. Comparing the composition of under-
lying metal to the normalized nominal composition (converted to %at.

from Table 1) showed that the metallic substrate existing directly below
the oxide layer was depleted of Cr and Ni while enriched in Mo metal.
Using the deconvolution obtained from the high-resolution spectra, the
concentrations (%at.) of the oxidized species present in the oxide film
were further considered. Both the composition of the underlying me-
tallic layer and the overlaying oxide layer are represented in Fig. 3.

A complement to ToF-SIMS (above), XPS has previously been used
to demonstrate the enrichment of Mo in the outer oxide. By employing
angle-resolved XPS (AR-XPS) methods, Zhang et al. demonstrated the
enrichment of oxidized Mo species, including Mo(IV), Mo(V), and Mo
(VI), in the outer region of the oxide [8,9]. Additionally, Mo-enrich-
ment in the outer portion of the oxides has been observed in different
Mo-containing alloys [11,21].

Considering the bilayer structure, an XPS model was developed,
based on previous work [21,22,40], to approximate the total oxide
thickness, as well as the thickness of the inner and outer layers, i.e., the
Cr- and Mo-rich oxide layers, respectively. To deal with the complexity
of the apparent oxide film, several approximations were made. First, the
mean free path (λ) and values of density used to characterize each layer
were representative of only the major component, i.e., the inner layer
being Cr2O3 and the outer layer MoO3. Second, although high-resolu-
tion XPS spectra showed that hydrated oxides comprised a portion of
the air-formed oxide, for simplicity we did not distinguish hydrated
oxides from their dehydrated counterparts. Thickness values are sum-
marized in Table 2. With a total thickness of approximately 1.1 nm, the
oxide was found to contain inner and outer layers of approximately the
same thickness. For comparison, the oxide thickness as interpreted by

Fig. 2. High-resolution XPS spectra showing (A) Ni 2p3/2, (B) Cr 2p3/2, and (C)
Mo 3d bands. Dashed line indicates the fit of the corresponding deconvolution.

Table 1
Nominal composition (%wt.) of Hastelloy BC-1 as reported by Haynes
International: M indicates maximum concentrations.

Ni Cr Mo Fe Co Mn Al Si C

Bal. 15 22 2M 1M 0.25 0.5M 0.08M 0.01M

Table 2
Surface concentrations in the oxide layer and underlying metallic substrate as
determined by XPS as well as the nominal composition converted to %at.

Ni/%at. Cr/%at. Mo/%at.

Oxide Layer 24.6 28.3 47.2
Underlying Metallic Substrate 60.3 10.2 29.5
Nominal Composition 67.1 18.3 14.6
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ToF-SIMS (Fig. 1), i.e., the location of the Ni2− plateau intensity, sug-
gested that the air-formed oxide was approximately 2 nm thick. In the
literature, oxides present on Ni- and Fe-based alloys are typically on the
order of a few nm [10,13,21,41,42], indicating that the thickness
measurements here were reasonable. Differences in thickness measured
by XPS and ToF-SIMS likely resulted from differences in the assump-
tions and approximations made in interpreting the data from the two
measurements. While the XPS model included various approximations,
as discussed above, thickness measurements using ToF-SIMS data were
determined based on the assumption that the sputtering rate of the
oxide was the same as that of the metallic substrate. Nonetheless, the
results were in fairly good agreement (1–2 nm).

3.2. Intermediate temperature oxidation

Following sample heating to 300 °C, depth profiles were taken at
various stages of oxidation. Shown in Fig. 4A-D are the profiles ac-
quired after 0, 1, 15, and 60-min oxidation periods, respectively.

Comparison of the oxide depth profile after the application of heat
(Fig. 4A) to that of the original air-formed oxide (Fig. 1) revealed the
effect of elevated temperature (300 °C) on the structure of the oxide.
While no major changes in oxide thickness were observed following
heating to 300 °C, the bilayer was found to undergo structural mod-
ification: specifically, the depth at which the maximum intensity of
MoO3

− was found decreased, suggesting slight thinning of the Mo-rich
layer. Additionally, the development of a shoulder in the MoO3

− signal
was observed; the location is indicated by an asterisk (*) in Fig. 4A.
While most of the Mo oxide appeared to have remained in the outer-
most region of the film, the location of the Mo oxide shoulder, within
the Cr-rich layer, suggested oxide mobility resulting from the applica-
tion of heat. While processes of diffusion and/or migration were an
obvious explanation, the volatility of oxides at intermediate/high
temperatures may also have played a role [18,19,43]. The exact reason
for this structural modification is, at this point, unclear and will be the
focus of future work. Although increased temperatures caused this
structural modification, exposure to O2 was found to reverse this
modification, as discussed later.

The in situ re-oxidation of the native oxide (at 300 °C) with isotopic
18O2 gas, might be expected to result in the thickening of the oxide film,
though this was not observed. Instead, the oxide film was found to

remain at a thickness of approximately 2 nm, even after the longest
exposure to 18O2. In a previous study, controlled oxidation of Ni-Cr-Fe
alloys resulted in comparable steady-state oxide thicknesses, approxi-
mately 2.5 nm after only 1 -h of exposure to O2 (1.2× 10−4 Pa) at
300 °C [15]. However, in the previous study, the initial surface was free
from air-formed oxide, allowing the kinetics of early oxidation to be
observed. In this study, the presence of a pre-existing oxide made the
extraction of oxidation kinetics problematic. According to the Mott-
Cabrera model, once an oxide has reached a limiting thickness, re-
crystallization is required for further growth to proceed [44,45]. De-
spite the elevated temperature, this process requires enough time for
nucleation of crystalline oxide to occur.

While the oxide film thickness did not change after exposure to
18O2, the pronounced bilayer structure was found to return. As pre-
viously mentioned, the application of heat (300 °C) resulted in a de-
creased intensity of the MoO3

− signal from the outer oxide and the
appearance of a shoulder within the Cr-rich layer. Inspection of Fig. 4B-
D revealed the gradual loss of the MoO3

− shoulder and the re-estab-
lishment of a well-defined bilayer structure. After a total oxidation time
of 15min, Fig. 4C, the intensity of the MoO3

− signal from the outer
oxide was found to increase and the shoulder disappear. The re-estab-
lishment of the Mo-rich outer layer continued with time. At the longest
exposure, Fig. 4D, the MoO3

− signal originated mainly from the outer
region of the oxide, as it did in the initial air-formed oxide.

In contrast to measurements made at 300 °C, a measurement made
at 500 °C showed the thickening of the oxide film. The depth profile
determined following an oxidation period of 5min at 500 °C is shown in
Fig. 5A. Here, an increase in temperature was again found to result in a
decreased intensity of the MoO3

− (and Mo18O3
−) signal(s) in the outer

portion of the oxide and a shoulder extending throughout the rest of the
oxide layer. Increases in the total film thickness appeared to be the
result of the growth of the inner Cr-rich layer.

The approximate film thicknesses determined by ToF-SIMS depth
profiles at the various experimental conditions discussed above are
summarized in Fig. 5B. Approximate depth of transitions between
metal/oxide and between the Cr-rich and Mo-rich regions of the oxide
were determined by the location of 80% intensity of the Ni2− signal and
the location between maximum intensities of CrO2

− and MoO3
− sig-

nals, respectively. Whether signals incorporating 16O or 18O were used
for this measurement depended on their relative intensities.

Fig. 3. Normalized surface composition (%at.) of (A) Ni, Cr, and Mo in the underlying metallic layer and of (B) the oxidized species present in the overlaying oxide
layer.
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Comparison of total thickness measurements in Fig. 5B showed that
up to 60min oxidation at 300 °C resulted in no major changes in
thickness, with values being relatively consistent at approximately
2 nm. Furthermore, the locations of maxima for Cr- and Mo-rich layers
suggested that the thickness of enriched layers remained relatively
unchanged. After 5-min oxidation at 500 °C, the total oxide thickness
was found to increase by approximately 5x, reaching an approximate
thickness of almost 10 nm. The observed increase in thickness was a
result of the growth of the inner Cr-rich oxide layer, which accounted
for nearly 95% of the total film thickness at 500 °C. Interestingly, the
Mo-rich layer was not found to change in thickness and continued to
dominate the outermost part of the oxide film (˜0.5 nm).

3.3. Mechanistic interpretation

The mechanism of oxidation was studied by following the location
of 18O incorporation into the oxide as a function of oxidation time. By
monitoring the maximum intensity of ions that incorporated the iso-
topic labels (18O atoms), the location of 18O2− incorporation into the
oxide was inferred. Only signals from species that included the max-
imum number of 18O atoms were considered. The signals corresponding
to Ni18O2

−, Cr18O2
−, and Mo18O3

−, are labelled in Fig. 4B–D and
Fig. 5A.

After a total oxidation time of only 1min at 300 °C, Fig. 4B, the
incorporation of 18O into the oxide was rather pronounced. The local
maximum signal for Mo18O3

− originated from the outermost region of

the Mo-rich layer, while the Cr18O2
− signal came from the outer por-

tion of the Cr-rich barrier layer. The original MoO3
− signal, containing

16O, had a maximum intensity occurring at ˜15 s sputtering time
(˜0.3 nm), while the maximum intensity of the Mo18O3

− signal oc-
curred at ˜6 s sputtering time (˜0.1 nm). Conversely, the maximum in-
tensity of the Cr18O2

− and CrO2
−signals occurred at ˜16 s sputtering

time (˜0.3 nm) and ˜48 s sputtering time (˜1 nm), respectively. The lo-
cations at which maxima occurred for Mo18O3

− and Cr18O2
− signals,

relative to the corresponding signals for ions lacking an isotopic label,
suggested the location of incorporation at the outermost interface of the
respective oxide layers. Interestingly, the Mo-rich oxide appears to re-
present a barrier for the continued diffusion of Cr toward the outermost
surface, i.e., the air/oxide interface, under the experimental conditions
employed herein.

With continued exposure of the specimen to 18O2, the intensity of
18O-containing signals was found to increase. After a 15min oxidation
period, Fig. 4C, the intensity of signals from 18O-containing ions in-
creased to values approximately equal to those from the analogous 16O-
containing ions from the initially air-formed oxide. The location of
maximum intensity of the signal from 18O-containing ions was again
found at the outer portion of the respective Mo/Cr layers. However,
beginning after 15min of heating, isotopic exchange processes resulted
in the broadening of the signals from 18O-containing ions. This was
attributed to the solid-state exchange of 18O with 16O in the oxide [19],
ultimately leading to peak broadening. After an oxidation period of 60-
min, Fig. 4D, the signals from 18O-containing ions resembled those from

Fig. 4. ToF SIMS depth profiles of (A) the initial oxide after heating to 300 °C and of the film after (B) 1-, (C) 15-, and (D) 60-min periods of oxidation at 300 °C. The
location of the unusual MoO3

− shoulder discussed in the text is indicated by an asterisk (*). Primary Bi+ beam operated at 1.2 pA.
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ions containing 16O in both intensity and distribution in the depth
profile.

At 300 °C, the relatively constant film thickness suggested the gen-
eral stability and protectiveness of the oxide film. While stable, the
tendency of the oxide to incorporate 18O atoms into its structure may be
explained by two processes. Firstly, and most obvious, are isotopic
exchange processes occurring at the outer interfaces of the respective
oxide layers by the interaction of 18O2 gas with 16O atoms in the pre-
existing oxide film. A second explanation involves growth processes,
expected to be minor, which may have been counterbalanced by the
volatilization of oxide species.

At 500 °C, increases in oxide thickness were found to be due to the
growth of the inner Cr-rich layer. The location of incorporation/growth
was determined to be, again, at the outer interfaces of both the CrO2

−

and MoO3
− layers. For the thickened Cr-rich layer this was apparent

due the sharp increase in intensity of Cr18O2
− relative to CrO2

−, as
shown in Fig. 5B. For these growth/exchange processes to occur in the
Cr-rich layer, 18O2− must have been mobile through the Mo-rich outer
oxide film toward the inner Cr-rich layer. As the Mo-rich layer persisted
at a relatively consistent thickness, diffusion of Mo through the Cr-rich
layer was believed to have been limited.

A graphical summary that incorporates all the observations, based
on the incorporation of 18O, is presented in Fig. 6. The evidence sug-
gests that both the Mo- and Cr-rich layers incorporate 18O atoms at their

outer interfaces, respectively. While incorporation of 18O atoms oc-
curred at the outer interface of the Mo-rich layer, the transport of O2−

through the Mo-rich layer must have occurred to allow the incorpora-
tion at the outer interface of the Cr-rich layer. Whether this transport
process occurred via vacancies or interstitial sites is unclear at present.
At 300 °C the incorporation of 18O into the oxide is believed to be
mainly the result of isotopic exchange processes while growth/volatility
processes cannot be ignored. At 500 °C, the increases in film thickness
makes it likely that, although not explicitly demonstrated, cation
transport was a major feature in this growth/maintenance processes.
The mobility of cations has been previously identified as a dominant
feature of oxide growth for similar alloys [20]. Under the experimental
conditions employed, the transport of Cr through the oxide appeared to
be much faster than that of Mo. Following the incorporation of 18O into
the oxide, isotopic exchange processes spread isotope tracers
throughout the oxide.

4. Conclusions

The air-formed oxide present on Hastelloy BC-1 was characterized
by ToF-SIMS and XPS. The oxide was found to be composed of a bilayer
structure made up of Mo- and Cr-rich regions located in the outer and
inner oxides, respectively. Increased temperatures were found to cause
modifications to the bilayer structure, while exposure to O2 was found
to reverse these changes. At 300 °C, the oxide thickness was unchanged
relative to that of the native oxide (˜2 nm), while at 500 °C, the total
film thickness was found to increase to ˜10 nm. This increase in thick-
ness was due to the growth of the inner Cr-rich layer, while the thick-
ness of the outer Mo-rich layer was unchanged relative to its thickness
in the native oxide.

Insight into the transport mechanisms proceeding during gas-phase
oxidation of BC-1 at 300 and 500 °C was afforded by in situ ToF-SIMS
measurements. Incorporation of O atoms was found to occur at the
outer interfaces of the Mo- and Cr-rich oxides. This demonstrated that O
atoms could be transported through the outer Mo-rich layer and reach
the inner Cr-rich layer. However, the Mo-rich layer appeared to prevent

Fig. 5. (A) ToF SIMS depth profiles of the oxide after 5-min oxidation at 500 °C
and (B) a summary of film thickness interpreted by ToF-SIMS depth profiles.

Fig. 6. Graphical representation of the processes occurring during the growth/
maintenance of an air formed oxide at 300/500 °C.
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or decrease the continued transport of Cr to the outermost interface.
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