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Abstract: The modifications of the passive film formed on 316L stainless steel surface during stepwise 

heating in ultra-high vacuum up to 300°C have been studied in situ by ToF-SIMS. The pre-formed 

passive film (in 0.05M H2SO4) has a bilayer structure, comprising Fe-rich, Mo-rich (outer) and Cr-rich 

(inner) layers. Below 100°C, the passive film is stable. At 100°C - 250°C, dehydroxylation and 

dehydration is observed. Above 250°C, the main modification in the film is formation of chromium 

oxide at the expense of oxidized iron. At higher temperature, thicker Cr-rich inner layer with sharper 

inner/outer oxide interface is formed. 
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Introduction 

Stainless steels are employed in a wide range of technical applications due to the formation of a 

protective surface oxide layer, that can provide high corrosion resistance of the material in aggressive 

environments [1, 2]. The passive films formed on stainless steel surfaces, typically a few nanometres 

thick at room temperature, are known to be duplex with an outer layer rich in iron oxide while the inner 

layer is enriched in chromium oxide [3, 4]. The corrosion resistance of the surface depends mainly on 

the chromium rich inner oxide, which serves as a barrier against the attack of aggressive ions from the 

environment [5, 6]. 

The formation of oxide film on the stainless steel surface at different temperatures has been widely 

studied. The oxidation temperature and the oxygen pressure are the two key factors influencing the 

oxidation rate and the composition of the oxide film on SS alloys. Oxidation of SS surface in air at most 

temperatures (temperatures lower than 800°C), leads to the formation of a duplex oxide layer, consisting 

of an outer iron oxide and an inner chromium rich layer [7, 8]. Under reduced oxygen partial pressures 

(lower than 10-3 mbar), at oxidation temperatures above 800°C, chromium oxide is the predominant 

layer on the stainless steel surface [9, 10], while for the oxide films formed at temperatures lower than 

400°C, both the iron and chromium oxide were reported to grow on the SS surfaces [11-14]. 

Heating the SS at high temperatures in vacuum, may lead to modifications of chemical composition and 

structure in the alloy at the metal/oxide interface, such as phase transformation as already shown in the 



2 

 

literature [15, 16]. Many phenomena, including diffusion, selective oxidation and evaporation of 

elements, are ongoing in the process of vacuum annealing of SS [17, 18]. It is well known that the 

vacuum annealing for stainless steel at high temperatures (above 1000°C) will produce a marked 

chromium depletion zone in the alloy surface under the oxide film because the selective evaporation 

rate is much faster than the bulk diffusion rate of chromium [18, 19]. For vacuum annealing of SS at 

intermediate temperatures [17, 20], about 400°C to 800°C, the evaporation rate of chromium oxidized 

at the surface is strongly reduced, and a strong chromium enrichment could be observed in the alloy 

surface under the oxide film. Studies of vacuum annealing of stainless steel, especially under ultra-high 

vacuum (pressure lower than 10-9 mbar), at relatively low temperature (lower than 300°C) are still under 

discussion. 

Native oxide films, formed in air on stainless steel surfaces, have been studied in the past, especially 

thanks to UHV techniques like XPS and ToF-SIMS [2, 21-24]. Among these studies, very few have 

focused on the thermal stability of native oxide films during annealing under UHV[25-27]. Asami et al. 

[25] have used XPS spectroscopy to study the modifications of the native oxide film for a series of Fe-

Cr alloys by UHV annealing up to 380°C. When the temperature is higher than 300°C, the authors 

showed the iron oxide reduction and the modification of the chromium oxidation state in the oxide film. 

Castle et al. [26] used the energy loss features within XPS spectra to study the oxidation and subsequent 

vacuum annealing of an Fe/Cr alloy at 200-300°C. An iron oxide reduction and chromium oxide 

formation was observed. Recent in situ measurements, performed by Bouheida et al. [27] on Fe-12Cr 

alloy, show that annealing in UHV with a thermal ramp rate of 2°C/min up to 550°C, leads to iron oxide 

reduction due to chromium oxidation. Although XPS can provide information on composition changes 

after heat treatment, the evolution of the oxide film structure is not obtained with XPS after set 

temperature. ToF-SIMS is a promising way to study the thermal stability of the oxide structure during 

the stepwise heating. 

The aim of the present work was to investigate the thermal stability and the modification of pre-formed 

passive films on 316L stainless steel up to 300°C in ultra-high vacuum (UHV). To this end, 316L SS 

were electrochemically passivated in H2SO4 and then annealed in UHV by increasing step by step the 

temperature, from room temperature up to 300°C. The stability of the passive oxide film has been 

monitored in situ during heating, and modifications of the composition and structure of the oxide films 

have been analyzed by ToF-SIMS. 

Experimental 

Sample preparation 



3 

 

A Fe-19Cr-13Ni-2.7Mo (wt%) polycrystalline sample was used. The samples were mechanically 

polished down to 0.25μm with diamond paste and then washed with acetone, ethanol and water in 

ultrasonic bath for 10 mins. The samples were then dried in compressed air. 

A Gamry electrochemical workstation was used for electrochemical experiments. The electrochemical 

passivation was performed with a standard three-electrode configuration with an Au counter electrode 

and a saturated calomel electrode as the reference electrode. The electrolyte was 0.05M H2SO4 prepared 

with ultrapure chemicals (VWR®) and Millipore® water. Before measurement, the solution was 

deaerated by Ar bubbling for 30 minutes. 

ToF-SIMS investigation 

ToF-SIMS depth profiles were obtained using a ToF-SIMS 5 spectrometer (IONTOF GmbH - 

Germany). The spectrometer was run at an operating pressure of 10-9 mbar. The total primary ion flux 

was less than 1012 ions*cm-2 ensuring static conditions. A pulsed 25 keV Bi+ primary ion source was 

employed for analysis, delivering 1.2 pA current over a 100 × 100 μm2 area. High current bunched 

mode was used in order to get high mass resolution (ΔM/M ~10 000). 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 were impinging 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.  

Data acquisition and post-processing were performed using the Ion-Spec software. The exact mass 

values of at least 5 known species were used to calibrate the data acquired in the negative ion mode.  

 

Table 1. ToF-SIMS characteristic ions used to characterize the composition and structure of the oxide film formed on 316L 

SS 

ToF-SIMS depth profiles were used to determine the composition and structure of the passive film, and 

to study its thermal stability. The characteristic ions were selected as shown in Table 1. It should be 

noted that the selected ions do not reflect the real stoichiometry of the species constituting the sample, 
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but are the appropriate markers of the studied species. Since ToF-SIMS is a non-quantitative technique 

(due to 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, variations of a single signal reflect in depth variations of the concentration. The depth profiles 

are plotted versus the sputtering time, and the sputtering time directly translates into oxide thickness.  

The oxide sputtering rate was determined by measuring, with a mechanical profilometer (Dektak 150, 

Veeco, Veeco-Instrument Europe, Dourdan, France), the depth of various craters after depth profiling. 

Assuming a similar oxide composition and density, a 0.04 nm/s sputtering rate was measured. 

Results and discussion 

Passive film formation and analysis 

 

Fig.1 Polarization curve of the 316L SS in 0.05M H2SO4 with a scan rate of 1mV/s 

Figure 1 shows the polarization curve obtained on 316L stainless steel in 0.05M H2SO4 aqueous solution 

with a scan rate of 1mV/s. Within the passive range (-0.1～0.8V/SCE), the lowest current is obtained 

at 0.4V/SCE, corresponding to the lowest dissolution rate of metallic ions in the solution. The oxide 

film formed at this potential shows the highest corrosion resistance. Maurice et al. have already 

demonstrated that the strong enrichment in chromium in the passive film formed in sulphuric acid, 

compared to the native oxide, is the result of the extremely low dissolution rate of Cr(III) oxide 

compared to the one of Fe(II)/Fe(III) oxides[21]. In this study, a static polarization potential (0.4V/SCE) 

was applied on the 316L SS for 1h in 0.05M H2SO4 aqueous solution to obtain a protective passive film 

on the sample surface.  
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Fig.2 ToF-SIMS depth profiles of the passive film formed on 316L SS surface in 0.05M H2SO4(aq) at 0.4V/SCE for 1h. The colour lines 

mark the limits between oxide film, modified alloy layer and metallic substrate region 

Figure 2 shows the ToF-SIMS negative ion depth profiles for the passive film formed in 0.05M 

H2SO4(aq) at 0.4V/SCE for 1h on the 316L SS. To study the thermal stability of the electrochemically 

pre-formed oxide film, the position of the metal/oxide interface on the ToF-SIMS depth profiles is 

crucial to extract the structure and composition of the oxide. The 53CrO2
- ion profile is used to define 

the oxide film region (ending at 80% of the maximum intensity of the depth profile) due to the duplex 

structure of the film with chromium enriched inner layer, and the 56Fe2
- ion profile is used to define the 

metallic region (starting at 80% of the intensity plateau). An intermediate region is determined in Fig.2 

from 60s to 100s of sputtering. This region characterized by a hump in the 58Ni2
- signal, is assigned to 

a modified alloy layer under the oxide film in the vicinity of the oxide-metal interface. In this 

intermediate region, the progressive increase of the 56Fe2
- signal indicates, in contrast with the 58Ni2

- 

signal, a depletion in metallic Fe gradually disappearing. Thus, the alloy is enriched in Ni and depleted 

in Fe close to the metal/oxide interface.  

Focusing on the 56FeO2
- and 98MoO3

- signals, the depth profile shows that their maxima are located in 

the outer part of the passive film and they decrease slowly through the oxide film region. Oxidized Fe 

and Mo are therefore mainly located in the outer part of the film, although they are also present in the 

inner oxide. The 53CrO2
- profile exhibits a maximum intensity in the inner part of the film. Oxidized 

chromium is thus preferentially located in the inner part, close to the metal/oxide interface. The 58NiO2
- 
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ion is not plotted in Fig.2, since its intensity is too low, meaning that Ni oxide is present only as traces 

in the oxide film. 

The model for the composition of passive film 

 
Fig.3 The model for the passive film formed on 316L SS surface in 0.05M H2SO4(aq) at 0.4V/SCE for 1h 

Based on the ToF-SIMS depth profiles data, a model for the passive film and the alloy underneath the 

oxide is presented in Fig.3. In the model, it is considered that the passive film formed electrochemically 

is duplex with iron and chromium mainly in the outer and inner layers, respectively. Molybdenum oxide 

is mainly located in the outer part of the film. Nickel oxide is present only at trace amount. In a modified 

interfacial alloy layer, metallic nickel is enriched, compared to the metallic substrate. The model also 

suggests that the interfaces are not sharp. 

Thermal stability of the passive film 
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Fig.4 Scheme for studying thermal stability of the passive film in UHV as a function of temperature and heating time (The color symbols on 

each temperature step indicate the time at which ToF-SIMS depth profiles were acquired) 
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The thermal stability of the passive film in vacuum was studied in situ by ToF-SIMS. Fig.4 shows the 

scheme used for the thermal treatment given to the passive oxide film under UHV in the ToF-SIMS 

analysis chamber. After passivation of the 316L SS sample (0.4V/SCE in 0.05M H2SO4 for 1h), it was 

introduced in the ToF-SIMS analysis chamber under a base pressure lower than 10-9 mbar. The 

experiments were performed through stepwise heating from 50°C to 300°C with steps of 50°C. The 

temperature of 280°C was added in the experiments since under relatively high temperature, even slight 

increase of the temperature could cause modifications of the composition and structure of the passive 

oxide. After each temperature step, ToF-SIMS depth profiles were acquired for heating times of 1 

minute, 5 minutes, 15 minutes and 30 minutes. Each profile was obtained on a new area of the sample 

surface. 

 
Fig.5 ToF-SIMS depth profiles of 53CrO2

-, 56FeO2
- and 98MoO3

- at (a) 50°C, (b) 150°C, (c) 250°C and (d) 300°C for different heating times. 

(The intensities are normalized by the intensity of Fe2
- in the substrate) 
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Fig.5 shows the 53CrO2
-, 56FeO2

- and 98MoO3
- ToF-SIMS depth profiles recorded on the passive film 

heated up to 50°C, 150°C, 250°C and 300°C for different heating times. Although all the temperatures 

indicated in Fig.4 have been investigated, only the data for these 4 temperatures are discussed here since 

no strong change occurred on the passive film at the other intermediate temperatures. The depth profiles 

of Ni2
- and Fe2

- ions are not included in Fig.5, since they were unchanged during heat treatment. 

As observed in Fig.5(a), when the sample is heated up to 50°C and maintained at this temperature for 

1, 5, 15 and 30 min, the shapes of 53CrO2
-, 56FeO2

- and 98MoO3
- profiles are not significantly modified 

as compared with the profile obtained at room temperature. This demonstrates that the native oxide 

layer is stable at 50°C, with a duplex structure formed by an Fe and Mo rich outer oxide and a Cr rich 

inner oxide. 

Upon heating at 150°C in vacuum, the separation between outer layer composed of Fe oxide (56FeO2
-) 

and Mo oxide (98MoO3
-) and inner layer composed of Cr oxide (53CrO2

-) is enhanced. The inner 

oxide/outer oxide interface becomes sharper as shown by the sharper decrease of both the 98MoO3
- and 

56FeO2
- signals after heating at 150°C (Fig.5(b)). 

At temperatures higher than 200°C, as showed in Fig.5(c) for 250°C and (d) for 300°C, the 56FeO2
- and 

98MoO3
- depth profiles show again maxima of intensity located in the outer part of the oxide film. 

However, for the 56FeO2
- signal, a clear plateau of lower intensity is observed in the inner chromium 

oxide rich layer and then a sharp decrease when going through the oxide/alloy interface. 
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Fig.6 ToF-SIMS depth profiles as function of temperature after 30 mins at each temperature: (a) OH2
- secondary ion, (b) 53CrO2

-/56FeO2
- 

intensity ratio, and (c) 98MoO2
-/56FeO2

- intensity ratio. (In (a), the intensity is normalized by the intensity of Fe2
- in the substrate) 

Although the 53CrO2
- depth profiles remain high in the inner part of the oxide film, the intensity ratio 

between the 53CrO2
- and 56FeO2

- in the inner oxide region (taken around 40s of sputtering on Fig 6(b)), 

is decreasing from 2.3 at 50°C to 1.3 with increasing the temperature up to 200°C. The modification of 

the 53CrO2
-/56FeO2

- ratio demonstrates the modification of the inner oxide layer. To understand this 

evolution, one also have to look at the OH2
- species. Fig 6(a) shows the ToF-SIMS depth profiles of the 

OH2
- species as function of temperature. The intensity maxima of the OH2

- signal remarkably drop from 

0.8 at 50°C to 0.2 at 200°C. The composition of the passive film formed in 0.05M H2SO4(aq) has already 

been studied by Maurice and Marcus [6, 21]. It was shown that the passive film formed at room 

temperature contains 6% of iron hydroxide, 23% of chromium hydroxide, and about 10% of water 

ligand. Thus, the evolution of OH2
- is assigned to the decomposition of hydroxides and dehydration. 

The decreasing of the 53CrO2
-/56FeO2

- ratio in the inner oxide with increasing temperature is assigned 

mainly to the decomposition of Cr hydroxide (a major constituent of the inner oxide at low temperature) 

yielding Cr oxide.  
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Although dehydroxylation and dehydration have been showed this effect cannot explain the 

modification of the 56FeO2
- and 53CrO2

- depth profiles and the sharpness of the inner oxide/outer oxide 

interface. Looking more precisely at the 53CrO2
-/56FeO2

- ratio, one observes that it decreases with 

increasing temperature up to 200°C. When the temperature is increased over 250°C, the 53CrO2
-/56FeO2

- 

ratio increases from 1.3 to 2.4. This indicates that the inner oxide becomes more concentrated in Cr. 

This effect may be due to the increase of Cr diffusion from the metallic substrate to the passive film. Cr 

being more reactive towards oxygen, the higher concentration of Cr in the inner part of the oxide is 

related to the reduction of the Fe oxide to form Cr oxide according to the reaction Fe2O3+2Cr 

→Cr2O3+2Fe. This mechanism is in agreement with the standard free energy of formation (ΔG500k˚) of 

chromium oxide and iron oxide (-1004.265 kJ/mol and -687.720 kJ/mol, respectively[28]), and 

Ellingham oxidation-reaction plot[29-31]. The bilayer structure of the oxide film becomes more marked 

with an outer oxide that is almost exclusively comprised of Fe oxide and an inner oxide that is almost 

exclusively comprised of Cr oxide. This also correlates to the modification of the inner oxide / outer 

oxide interface that becomes sharper when increasing the temperature. Thus, two effects linked with 

the increase of the temperature have been shown, the first one, which is the main effect at temperatures 

lower than 250°C, is the dehydroxylation and dehydration of the oxide film, and the second one, that is 

the main effect at temperatures over 250°C, is the Fe oxide reduction due to bulk Cr diffusing into the 

inner part of the oxide. 

In Fig.6(c), the 98MoO3
-/56FeO2

- intensity ratio shows only minor changes up to 250°C. Above 250°C, 

there is a marked increase of the 98MoO3
-/56FeO2

- intensity ratio, from 0.9 at 250°C up to 1.4 at 300°C. 

This is also assigned to the formation of molybdenum oxide and reduction of iron oxide. This is similar 

to the formation of chromium oxide but at higher temperature. This effect is assigned to molybdenum 

diffusing from the metallic substrate and being oxidised at the expense of iron oxide.  
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Fig.7 The thickness of the passive film as a function of heating temperature and time 
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Fig.7 shows the changes of the passive film thickness as a function of heating temperature and time. 

The passive film thickness remains constant at 2 nm up to 100°C. At higher temperature (up to 250°C), 

the passive film thickness gradually decreases to 1.6 nm. This change is assigned to the decomposition 

of the hydroxide and removal of water ligands present after passivation in sulphuric acid. According to 

the density of chromium oxide and iron oxide (5.22 g/cm3 and 5.24 g/cm3), and those of chromium 

hydroxide and iron hydroxide (3.11 g/cm3 and 3.4 g/cm3), the decomposition of hydroxide to oxide will 

result in a denser and thinner film as observed on Fig.7. Above 200°C, the passive film composition 

and structure seem more stable, as indicated by the very limited change in oxide film thickness in the 

200°C - 300°C (from 1.6 nm to 1.4 nm). This slight film modification in this temperature range is related 

to the formation of chromium and molybdenum oxide, and reduction of iron oxide. According to the 

density of Mo(IV) oxide (4.67 g/cm3), Cr oxide and Fe oxide, the formation of Mo oxide and reduction 

of Fe oxide will lead to a denser film. In addition, the formation of Mo oxide will consume more Fe 

oxide due to its higher stoichiometry. 

 

Fig.8 Model for the passive film evolution during UHV heat treatment 

According to the results above, a model for the evolution of the passive film formed on 316L SS during 

step by step heat treatment in UHV is proposed in Fig.8.  

After heat treatment at 300°C, the outer layer of the passive film is rich in iron oxide, with a small 

amount of molybdenum oxide. The inner part of the passive film is mainly comprised of chromium 

oxide. The interface between the outer and inner oxide layer becomes sharper compared to the film 

formed at room temperature.  

https://en.wikipedia.org/wiki/Molybdenum(IV)_oxide
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Conclusion 

The thermal stability of the passive film formed on 316L stainless steel surface in 0.05M H2SO4(aq) at 

0.4V/SCE has been investigated through step by step heating in UHV up to 300°C by means of ToF-

SIMS. The pristine passive film on the 316L stainless steel presents a bilayer structure. The outer layer 

is enriched in iron oxide and molybdenum oxide while the inner layer is rich in chromium oxide. The 

interface between these outer and inner layers is not sharp, meaning that some iron oxide is distributed 

in the inner region. 

At temperatures below 100°C, the passive film is stable and the composition is not modified. At heating 

temperatures higher than 100°C, the inner oxide/outer oxide interface of the passive film stars to become 

sharper. The temperature of 250°C is a critical point. In the temperatures range between 100°C and 250°

C, the main change in the passive film is the decomposition of hydroxide (mainly the Cr hydroxide) 

and removal of the water ligands, giving a higher chromium oxide content. At temperatures above 

250°C, the main change on the passive film is the reduction of Fe oxide caused by bulk Cr diffusing 

into the inner part of the oxide. The thickness of the passive film (2 nm) is not changed at heating 

temperatures up to 100°C. Then, at higher temperature (up to 250°C), the passive film thickness 

gradually decreases to 1.6 nm, which corresponds to the dehydroxylation and dehydration of the oxide 

film. Very limited change in the film thickness is observed at temperatures higher than 250°C (from 1.6 

nm to 1.4 nm). This slight film modification in this temperature range is assigned to the formation of 

chromium and molybdenum oxide, and reduction of iron oxide. 

The passive film, after stepwise heating in UHV, still exhibits a bilayer comprising Fe oxide and Mo 

oxide in the outer film, and Cr oxide in the inner part. The content of Cr oxide in the film becomes 

higher than in the pristine passive film. The interface between the outer and inner oxide layer becomes 

sharper compared to the film formed at room temperature.  
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