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Ion Transport Mechanisms in the Oxide Film Formed on 316L
Stainless Steel Surfaces Studied by ToF-SIMS with 18O2 Isotopic
Tracer
Luntao Wang, Antoine Seyeux, and Philippe Marcus*,z

Chimie ParisTech-CNRS, PSL University, IRCP, Physical Chemistry of Surfaces Group, 75005 Paris, France

The composition and structure of the native and passive oxide films formed on 316 L stainless steel have been studied in situ by
ToF-SIMS. High temperature re-oxidation experiments in isotopic 18O2 gas have also been done to assess the ion transport
mechanisms in the native and passive oxide films. Duplex oxides with an inner Cr rich layer and an outer layer rich in Fe and Mo
oxide have been observed on native and passive oxide films. Exposure of the oxide films to isotopic 18O2 tracer at 300 °C reveals
that the outward cationic diffusion governs the inner oxide growth. The outer Mo-rich layer prevents the continued transport of Cr
to the outermost surface. The passive film, due to its composition and structure, exhibits a markedly lower oxidation rate compared
to native oxide films.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ab9c87]
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In many industrial sectors, stainless steels (SS) have a wide range
of applications due to their high corrosion resistance in severe
environments.1 It is well known that this corrosion resistance
originates from the surface oxide film covering the metallic
substrate. Many studies have been carried out to characterize the
composition and structure of the oxide film formed on SS surface in
order to better understand the good corrosion resistance properties of
the stainless steel.2–4 The performance of the oxide films (including
the native and passive films) has been tested in various conditions,
such as aqueous, gaseous and high temperature environments.5–7

Surface analysis, including X-ray Photoelectron Spectroscopy (XPS)
and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS),
have demonstrated that the native oxide film formed on Fe-Cr based
stainless steels generally shows a duplex structure, with an iron rich
outer layer and a chromium rich inner layer.8–12 The chromium rich
oxide plays a key role in the corrosion resistance.13,14 The passive
film, formed electrochemically within the passive range in sulfuric
acid, shows strong chromium enrichment compared to the native
oxide film. This is attributed to the lower dissolution rate of
chromium oxide compared to iron oxide in acidic media.8,11

The knowledge of ion transport processes in the nanometer thick
oxide layer is of major interest in order to better understand the
nature, composition and thickness of the oxide film, and a
prerequisite to control and optimize the functional properties of
the stainless steels under varying operating conditions, such as
electrolysers, or gas sensors.15,16 A Cr2O3 scale is frequently used as
a barrier to protect metallic alloys at high temperatures.17 As a
consequence, the transport properties in Cr2O3 are of considerable
interest.18–21 Poulain et al.22 investigated the oxide growth kinetics
of Cr2O3 on a pure Cr substrate at 300 °C and under low oxygen
pressure. Following a two step oxidation procedure starting with
oxidation in 16O2 gas and followed with a re-oxidation in 18O2

isotopic tracer, they identified that the growth was controlled by
anion transport via oxygen vacancies through the Cr2O3 layer.
Following the same re-oxidation procedure, Voyshnis et al.23 studied
the oxidation behaviour of nickel-base alloy in high temperature
water and in low O2 gas pressure. They also showed that the process
governing the oxide film growth is the inward (from the surface
towards the metal/oxide interface) diffusion of oxygen species.
Moreover, they showed an evolution of the inner oxide composition
from Cr2O3 towards NiCr2O4 with increasing oxidation time.
Recently, the two step oxidation procedure has also been used

with success to study the ion transport process governing the growth
in a pre-formed passive film formed on 304 L SS in H2SO4

solution.24 It was shown that during the low O2 pressure re-oxidation
step (exposure of the pre-formed film to the 18O2 isotopic tracer), the
outward diffusion of metallic cations governs the oxide growth.

Usually alloys containing small amounts of molybdenum, like
316 L SS, exhibit an improved resistance to the localized corrosion
(pitting) in Cl-containing solutions. However, up to now, the effect
of molybdenum addition on the ion-transport processes taking place
during the growth of the oxide film is not well documented. Yu et
al.25 investigated the early stage oxidation of Ni-Cr and Ni-Cr-Mo
alloys by using in situ transmission electron microscopy, and the
effect of Mo was discussed. Based on their results, Mo doping in the
alloy can both stabilize the cation vacancies and inhibit the voids
formation in the oxide. Recently, Henderson et al.26 studied by
in situ ToF-SIMS the ion transport processes in Hastelloy BC-1
(Ni–Cr–Mo alloy) during re-oxidation under low O2 pressure. The
governing transport species were metallic cations, and the Mo rich
outer layer seemed to be a barrier preventing the continued transport
of Cr to the outermost layer.

The aim of the present work was to investigate by ToF-SIMS the
ion transport processes in the native oxide and the passive film on
316 L SS during a re-oxidation step performed at 300 °C in low
oxygen atmosphere. The passive film on 316 L SS was electro-
chemically formed at 0.4 V SCE−1 in 0.05M H2SO4 solution for 1 h.
The re-oxidation experiments were performed in situ by ToF-SIMS
with 18O isotopic marker to characterise the difference of ion
transport processes in native and passive oxide films, and the effect
of Mo on the ion transport.

Experimental

Sample preparation.—The 316 L SS was a Fe-19Cr-13Ni-2.7Mo
(wt%) polycrystalline alloy. The sample surface was mechanically
polished down to 0.25 μm with diamond paste and then successively
washed with acetone, ethanol and water in ultrasonic bath for
10 min. The sample was then dried in compressed air. The native
oxide film was formed by leaving the sample in air during 12 h. The
passive film was formed electrochemically in 0.05M H2SO4 at 0.4 V
SCE−1 for 1 h.27 After electrochemical passivation, the sample with
passive film was taken out from the cell, rinsed with water, and then
dried in compressed air.

A Gamry electrochemical workstation was used for electroche-
mical experiments. The electrochemical passivation was performed
with a standard three-electrode cell with an Au counter electrode and
a saturated calomel electrode as the reference electrode. The
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electrolyte was prepared with ultrapure chemicals (VWR®) and
Millipore® water. Before measurement, the solution was deaerated
by Ar bubbling for 30 min.

ToF-SIMS investigation.—ToF-SIMS depth profiles were ob-
tained using a ToF-SIMS 5 spectrometer (IONTOF GmbH—
Germany). A pulsed 25 keV Bi+ primary ion source was employed
for analysis, delivering 1.2 pA current over a 100 × 100 μm2 area.
Depth profiling was carried out by interlacing secondary ion analysis
with sputtering using a 0.5 keV Cs+ sputter beam giving a 17 nA
target current over a 300 × 300 μm2 area. Both Bi+ and Cs+ ion
beams impinged the sample surface at an angle of 45° and were
aligned in such a way that the analyzed ions were taken from the
center of the sputtered crater.

ToF-SIMS depth profiles were used to determine the composi-
tion, structure and thickness of the oxide films (air-formed native
oxide and passive oxide). The characteristic ions were selected as
shown in Table I. The iron oxide in the native or passive films is
associated with two different characteristic ions (56Fe16O2

− with
high intensity and 56Fe2

16O3
− with a lower intensity). Since, in mass

spectrometry, the characteristic ion of newly formed chromium
oxide (52Cr18O2

−) will overlap with the characteristic ion of pre-
formed iron oxide (56Fe16O2

−), 52Cr18O3
− and 56Fe2

16O3
− ions were

used to characterize the oxide composition during re-oxidation in
18O2 of the oxide pre-formed in H2SO4. It should be noted that the
selected ions do not reveal the real stoichiometry of the species
constituting the sample, but are the appropriate markers of the
studied species. Since ToF-SIMS is a non-quantitative technique
(due to a strong matrix effect on ion emission), the intensity of the
plotted ions in the depth profiles cannot be compared directly and do
not reflect the concentrations of the associated species in the
substrate. However, ToF-SIMS depth profiles can be used to
evaluate the intensity evolution for a given ion at different oxidation
stages if the matrix remains similar. Thus, when a comparison
between two samples is done for a similar matrix, it is considered
that the ionization yield is similar for the two samples. In this study,
we assume that despite the different passivation and/or heat
treatments given to the 316 L SS substrates, the ionization yields
of the oxidized species remain similar, making the comparison of the
intensities of same ions between recorded ToF-SIMS depth profiles
possible to evaluate the composition variation as function of the
received treatment. The depth profiles are plotted vs the sputtering
time. The sputtering rate has been calculated knowing for passivated
316 L SS (in H2SO4 at 0.4 V SCE−1) (i) the total oxide layer
thickness measured from XPS (results not shown here), and (ii) the
position of the metal/oxide interface on the ToF-SIMS depth profile.
Assuming a constant sputtering rate (0.02 nm s−1) in the oxide,
independent of the oxide layer composition, the sputtering time
directly translates into oxide thickness.

Immediately after introduction of the specimen into the chamber,
and prior to the application of heat, the air formed oxide was depth
profiled using ToF-SIMS. Due to the destructive nature of sput-
tering, each depth profile was collected at a different, unperturbed
area of the sample surface. The specimen was then heated up to a
temperature of 300 ± 1 °C using the heating stage integrated in the

system. Modifications to the air-formed oxide due to temperature
increase were analysed on both native and passive oxide films. After
reaching 300 °C, a precision leak valve was then used to introduce
18O2 into the analysis chamber, and the partial pressure P(18O2) was
maintained constant at 1 × 10−5 mPa. After a designated oxidation
time, the gas inlet valve was closed while the sample temperature
was maintained at 300 ± 1 °C, and the chamber immediately pumped
down to the base pressure (10−9 mPa). A ToF-SIMS depth profile
was then acquired in order to assess the oxide film growth
mechanism.

Results and Discussion

Figure 1 shows the ToF-SIMS negative ion depth profiles for the
(a) air-formed native oxide film and (b) the passive film formed at
0.4 V SCE−1 in 0.05M sulfuric acid for 1 h, on 316 L SS surfaces.
The secondary ions, selected for the interpretation of depth profiles,
include 52Cr16O2

−, 56Fe16O2
−, 98Mo16O3

−, 56Fe2
− and Ni2

−. The
ions (52Cr16O2

−, 56Fe16O2
−, 98Mo16O2

−) are used to characterize the
corresponding oxides, while the ions (56Fe2

− and 58Ni2
−) represent

the underlying metallic substrate.24,26 The intensities of 52Cr2
− and

Mo2
− ions are extremely low (in negative ion polarity) and are not

shown in the figure. As in previous papers, the maximum intensity of
58Ni2

− ion signal is used to define the oxide/metal interface.23,24,28

The thicknesses of the native and passive oxide films, corresponding
to around ∼80 s and 104 s of sputtering time, are 1.6 ± 0.2 nm and 2
± 0.2 nm, respectively.

For the native oxide film, as shown in Fig. 1a, both the 56Fe16O2
−

and 98Mo16O3
− depth profiles have their maximum in the outer part

of the oxide film region, showing that oxidized iron and molyb-
denum are preferentially located in the outer region of the film. The
52Cr16O2

− depth profile shows its peak in the inner part of the oxide
film, indicating that chromium oxide is concentrated in the inner
oxide layer. For the passive film (Fig. 1b), while the 98Mo16O3

−

depth profile exhibits a similar trend (maximum intensity in the outer
oxide) as the one observed for the native oxide, indicating that
oxidized molybdenum is located in the outer film, the 56Fe16O2

−

depth profile is slightly different. 56Fe16O2
− maximum intensity is

still located in the outer oxide (with a lower intensity compared to
that measured on the native oxide), but decreases slowly though the
inner oxide film. This indicates that iron oxide is still mainly located
in the outer film, but is also present in the inner oxide film. Finally,
the 52Cr16O2

− depth profile has its maximum in the inner oxide
region but displays a wider peak width compared to that of the native
oxide layer. This indicates a thicker, Cr rich, inner oxide film, which
contributes to a thickening of the passive film.

Both the native and passive films have duplex structures, with a
Mo and Fe rich outer layer and a Cr rich inner layer (possibly
including more Fe oxide in the inner layer of the passive film).
Passivation by anodic polarization increased the oxide film thick-
ness, which corresponds to the thickening of the Cr rich inner layer.
The concentration of iron oxide in the outer film is reduced after
passivation, which is due to the enhanced dissolution of iron oxide in
sulfuric acid.8

Table I. ToF-SIMS characteristic ions used to investigate the composition and structure of the oxide films formed on 316 L SS.

Species Characteristic ion

Metallic substrate Metallic Fe 56Fe2
−

Metallic Ni 58Ni2
−

Pre-formed oxide (16O) Iron oxide 56Fe16O2
−; 56Fe2

16O3
−

Chromium oxide 52Cr16O2
−

Molybdenum oxide 98Mo16O3
−

Newly-formed oxide (18O) Iron oxide 56Fe18O2
−

Chromium oxide 52Cr18O3
−

Molybdenum oxide 98Mo18O3
−

Journal of The Electrochemical Society, 2020 167 101511



The in situ re-oxidation experiments in the ToF SIMS were
carried out at 300 °C. Such experiments have been already described
in a previous study.24,27 The thermal stability of both the native and
passive films have been studied. Figure 2 shows the depth profiles of
the native and passive films recorded immediately after heating up to
300 °C under high vacuum conditions in the ToF-SIMS chamber.
Based on the maximum intensities of Ni2

− depth profiles, the oxide/
metal interface for native and passive films are located at 80 s and
92 s of sputtering time, corresponding to oxide thicknesses of 1.6 ±
0.2 nm and 1.8 ± 0.2 nm, respectively. The native oxide film
thickness remains unchanged at 300 °C, while the passive film
thickness decreases.

For the native oxide film (Fig. 2a), the 98Mo16O3
− and 56Fe16O2

−

depth profiles still peak in the outer oxide film, and the 52Cr16O2
−

depth profile has its maximum in the inner film. Thus, Mo and Fe
oxides are preferentially located in the outer layer, and Cr oxide is
rich in the inner layer. It is noticed that the width of 56Fe16O2

− depth
profile is now narrower, while the width of 52Cr16O2

− depth profile
is wider compared to the native film at room temperature, showing
the thickening of the chromium rich inner layer at the expense of the
iron rich outer layer.24 Looking at the 98Mo16O3

− signal, it also
shows a narrower width in the outer oxide layer, meaning that
molybdenum is more concentrated in this outer oxide layer.

After heating the passive film at 300 °C in vacuum the Mo
content in the outer oxide layer is higher (Fig. 2b). Whereas the
98Mo16O3

− signal was almost distributed through the total layer
thickness at room temperature (with a higher content in the outer
oxide), it is, at 300 °C, mainly localized in the outer oxide.
Moreover, heating the sample up to 300 °C also has an effect on the
52Cr16O2

− signal profile that becomes wider and on the 56Fe16O2
−

signal profile that becomes narrower and exhibits a lower intensity in
the outer oxide layer (up to 50 s of sputtering approximately). Those
modifications are attributed to formation of Cr oxide at the expense
of the Fe oxide, partial decomposition of hydroxide and removal of
water ligands as already observed on passivated 304 L SS when
exposed to high temperature.24,27 Thus, the decrease of the passive
oxide film thickness is attributed to the dehydroxylation and
dehydration. For the native oxide film, reduction of iron oxide and
formation of chromium oxide are mainly observed. The enhanced
dehydroxylation and dehydration of the passive film is not sur-
prising, since after passivation the hydroxide and the water ligand
contents in the film are high.

Figure 3 shows the ToF-SIMS negative ion depth profiles
obtained on the native oxide film on 316 L SS surface after exposure
to isotopic 18O2 gas (10

−5 mbar) at 300 °C for different times. After
1 min of re-oxidation (Fig. 3a), the metal/oxide interface, always

Figure 1. ToF-SIMS depth profiles of (a) the air-formed native oxide film and (b) the passive oxide film formed on 316 L SS at room temperature (The passive
film was formed electrochemically on 316 L SS surface in 0.05M H2SO4(aq) at 0.4 V SCE−1 for 1 h).

Figure 2. ToF-SIMS depth profiles of (a) the native oxide and (b) the passive film on 316 L SS at 300 °C.

Journal of The Electrochemical Society, 2020 167 101511



Figure 3. ToF-SIMS profiles obtained on the native oxide film formed on 316 L SS surface after re-oxidation at 300 °C for (a) 1 min, (b) 5 min, (c) 15 min and
(d) 2 h. (The intensity of 56Fe2

16O3
− signal is multiplied by 50).

Journal of The Electrochemical Society, 2020 167 101511



defined by the maximum intensity of the Ni2
− signal, is located at

100 s of sputtering time, corresponding to a thickness of 2 nm.
Looking at the characteristic ions (52Cr18O3

−, 56Fe18O2
− and

98Mo18O3
−) of the newly formed oxide (18O) species, the maximum

intensity locations of these depth profiles are in the outermost region
of the film, demonstrating that the newly formed oxides are
concentrated at the outer surface of the native film. Thus, the
governing ion transport mechanism in the native oxide film on 316 L
SS is cation diffusion.

After exposure to 18O2 for 5 min (Fig. 3b), the oxide film
thickens from 2 ± 0.2 nm to 3.6 ± 0.2 nm (corresponding to 178 s
of sputtering). The locations of maximum intensities of the new
oxide (18O) species are again found in the outer layer (ranging from
0 s to 60 s of sputtering), while the inner layer (ranging from 60 s to
178 s of sputtering) remains the previously formed Cr oxide (16O). A
closer look at the distributions of each species (52Cr18O3

−,
56Fe18O2

−, 98Mo18O3
−, 98Mo16O3

− and 56Fe2
16O3

−) in the outer
oxide layer, corresponding to the region from 0 s to 60 s of
sputtering time, shows that this region can be divided into three
parts. The first part, representing the outermost layer (0 s to 13 s of
sputtering time), is comprised of the newly formed Mo, Fe oxides
(18O), and the original Mo oxide (16O). The middle region (13 s to
26 s of sputtering time) is rich in the newly formed Cr oxide (18O).
The third part (26 s to 60 s of sputtering time) is the original Fe rich
oxide (16O) layer. Thus, the Mo-rich outermost oxides (16O and 18O)
layer appears to play the role of a barrier layer for the continued
diffusion of chromium cations toward the oxygen gas/oxide inter-
face, while this Mo-rich layer does not prevent the diffusion of Fe
cations to the oxide surface. Thus, the formation of the new
chromium oxide (18O) needs the 18O ions penetration through the
Mo-rich outer oxide (16O and 18O) layer to react with Cr cations
diffusing from the substrate. This interpretation is supported by the
clear evidence that the Mo-free oxides have Cr oxide (18O) in the
outer oxide.24

When the re-oxidation time reaches 15 min (Fig. 3c), the oxide
film thickness is 9.4 ± 0.2 nm (470 s of sputtering time). The
intensities from 18O-containing ions markedly increased, especially
the intensity of 56Fe18O2

− ion, which is approximately equal to that
of 56Fe2

16O3
− ion, the characteristic ion of the pre-formed Fe oxide

(16O). The fast increasing of Fe 18-oxide signal (56Fe18O2
−) in the

oxide compared to that of Cr oxide (18O) (52Cr18O3
−), is a

consequence of the blocking effect of the Mo rich oxide layer on
diffusion of Cr ions. The effect of isotopic exchange between 18O
and 16O, which was already reported and discussed in previous
studies,22–24 cannot be ignored. It causes peak broadening for all
oxidized species with increasing re-oxidation time.

After a re-oxidation time of 120 min (Fig. 3d), the oxide film
thickness is around 14 nm (700 s of sputtering time). The 56Fe18O2

−

signal has shifted its maximum intensity from the external surface
before 15 min of re-oxidation to the internal oxide, which is assigned
mainly to isotopic exchange between 18O with 16O species.

The re-oxidation study was also performed for the passive film on
316 L SS, and the results are shown in Fig. 4. Using the same data
analysis method, we can conclude that the ion-transport mechanisms
in the passive film on 316 L SS are the same as in the native oxide
film. Cation diffusion is the governing process for oxide film growth.
The molybdenum rich outer oxide layer is a barrier for the diffusion
of Cr towards the outermost oxide surface. During oxidation,
isotopic exchange between the 18O and 16O species is observed.

A schematic depiction of the ion transport process for the oxide
films (native and passive) formed on 316 L SS is shown in Fig. 5. At
the early re-oxidation stage, the governing ion transport mechanism
in oxide film is the outward cations diffusion, meaning the metallic
ions (Mo, Fe and Cr) diffuse from the metallic substrate towards the
outer surface. Meanwhile, the Mo rich outermost layer acts as a
barrier that blocks the further diffusion of Cr to the oxygen gas/oxide
interface. Thus, the governing step also includes the penetration of
oxygen through the Mo rich oxide layer. The newly formed Mo and
Fe oxides are located in the outer layer, while the newly formed Cr

oxide is under this outermost layer. For long exposure to oxygen,
isotopic exchange between the 18O and 16O species dominates. Some
volatilization of chromium oxide, evidenced by Poulain et al.22 for
oxidation of pure Cr at the same temperature, cannot be excluded.

Since the thickness of the oxide layer can be measured based on
the ToF-SIMS profiles obtained for different oxidation times, we can
determine the growth rate of the oxide at 300 °C. The data are shown
in Fig. 6, and the data previously reported for the passive film on
304 L SS are shown for comparison.24

The kinetics of oxidation seems to follow a logarithmic-type law,
which, according to previous work, can be explained by the
competition between parabolic growth and oxide layer
volatilization.22,24 Although volatilization is a well-known phenom-
enon at very high temperature, it has been shown by Poulain et al.22

that volatilization of oxide and particularly Cr oxide also happens at
lower temperature. Thus, oxide volatilization must be taken into
account to explain the kinetics of oxide film growth on stainless
alloys even at medium temperature. From Fig. 6, two parts can be
observed on each curve. In the first part (before about 1 h of re-
oxidation) the oxide layer grows rapidly (newly formed outer oxide
layer). Then, after 1 h of re-oxidation, the growth of the oxide layer
is slow, and a quasi-stationary film thickness is observed (growth
rate about equal to volatilization rate).

We can notice that the oxide growth on the passive film of 316 L
SS at 300 °C is significantly slower than on the native oxide film
(Fig. 6). The passive film thickness after 120 min re-oxidation in
18O2 is 6 nm, which is much lower than that of the native oxide film
(14 nm). The different oxidation rates between native and passive
oxide films can be attributed to the different composition and
structure of the films. Firstly, the passive film has higher Cr content
and less Fe compared to the native oxide film, as already evidenced
by previous XPS results obtained on 316 L SS.8,11 The ion diffusion
coefficient in chromium oxide is known to be much lower than that
in iron oxide, due to a lower concentration of ionic defects in
chromium oxide.29–33 Moreover, passive films are known to have
less grain boundaries, which are fast diffusion paths for the diffusing
species, than air-formed native oxide, due to the coalescence of the
oxide grains induced by electrochemical passivation, as shown
previously.11,34,35 This was shown to result in larger lateral grain
dimensions for passive film than air-formed native oxide on 316 L
SS surface (11.5 ± 2.6 nm and 5.3 ± 0.9 nm, respectively). Thus,
passive films with larger grain size have less grain boundary than
native oxide films, making the oxidation rate of passive oxide films
lower than that of native oxide films.

When we look at the oxidation kinetics on passive films on 304 L
SS and 316 L SS, we observe a lower oxidation rate for the 316L SS,
which can be assigned to the Mo-rich outer oxide layer, which acts
as a barrier preventing Cr diffusion to the outer surface. The growth
of the chromium-rich oxide film requires both the diffusion of Cr
from the substrate and the penetration of oxygen through the Mo-
rich outer oxide layer.

The oxidation kinetics can then be fitted by Eq. 1, as shown in the
previous papers.22–24

⎡
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⎥⎥( ) ( ) [ ]= - - - - -t

k

k

k

k
x x

k

k
x xln 1 1

p

v

v

p

v

p
2 0 0

where kp is the parabolic constant, kv is the constant of volatilization,
and x0 is the thickness of pre-formed oxide film.

The fittings of the curves are also shown in Fig. 6, and the results
calculated for the parabolic and volatilization constants are given in
Table II.

From Table II we can see that, for the native film on 316 L SS,
the value of kp derived from the fit is 7.9 × 10−2 nm2.s−1 and kv is 6
× 10−3 nm.s−1. These values are markedly higher than that
calculated for passive films on 316 L SS (kp = 3 × 10−3 nm2.s−1

and kv = 4 × 10−4 nm.s−1) and 304 L SS (kp = 1.8 × 10−2 nm2.s−1

and kv = 4 × 10−3 nm.s−1). This is mainly due to the fact that the
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Figure 4. ToF-SIMS profiles obtained on the passive film formed on 316 L SS surface after re-oxidation at 300 °C for (a) 1 min, (b) 5 min, (c) 15 min and (d)
2 h. (The intensity of 56Fe2

16O3
− signal is multiplied by 70).
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native oxide film has: (i) a higher grain boundary density that react
as fast diffusion path for the diffusing species, and (ii) a lower Cr
oxide content compared to the electrochemically formed passive
film. When we compared the kp and kv values for the passive films
on 316 L SS and 304 L SS, the values for 316 L SS are almost one
magnitude lower than that for 304 L SS. This is attributed to the Mo
outer most layer, which inhibits the diffusion of Cr and also prevents
the exposure of Cr oxide in the outer surface.

Assuming that only the outward cation diffusion is the governing
ion transport for oxide growth (an oversimplified view as oxygen

diffusion through the outer Mo layer has been shown to be required),
and using a simplified relationship between diffusion coefficient and
parabolic rate constant =k D2 ,p c

24,36 the outward cation diffusion
coefficient (Dc) in the oxide film is 1.5 × 10−17 cm2.s−1 and 4 ×
10−16 cm2.s−1 for passive film and native film, respectively. The
chromium content and possibly the grain size in the passive film
have significantly decreased the cation diffusion coefficient in the
film.

Conclusions

The transport of ions in oxide films (both the native and passive
films) on 316 L SS surfaces has been investigated by ToF-SIMS with
18O isotopic tracer. The native oxide film was formed in air, whereas
the passive oxide film was formed electrochemically in 0.05M
sulfuric acid at 0.4 V SCE−1 for 1 h. Both the native film and passive
film have duplex structures with a Mo and Fe rich outer layer and a
Cr rich inner layer. Passivation in sulfuric acid causes oxide
enrichment in Cr due to the preferential dissolution of the Fe oxide.
The native oxide film is quasi stable in vacuum up to 300 °C, while
the passive film becomes thinner at this temperature, due to
dehydroxylation and dehydration of the oxide.

The results of in situ re-oxidation of the oxide films (native and
passive films) on 316 L SS surface at 300 °C with 18O isotopic tracer
reveal that the governing ion transport is the outward diffusion of
metallic cations (Cr, Fe and Mo) to the oxide surface. The outer Mo-
rich oxide layer acts as a barrier preventing the further diffusion of
Cr to the oxygen gas/oxide interface, while it has no barrier effect on
the diffusion of Fe and Mo. Based on a model taking into account
oxidation and possible volatilization, the measured oxide growth
kinetics was fitted. The parabolic oxidation constant for the native
oxide is 7.9 × 10−2 nm2.s−1, while it is only 3 × 10−3 nm2.s−1 for
the passive film. The higher Cr content, and a lower density of grain
boundary in the passive oxide, significantly reduce the re-oxidation
rate of passive oxide film. A very significant role of the Mo rich
outer oxide layer, acting as a barrier to Cr outward diffusion, is
evidenced by the use of 18O isotopic label.
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