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Abstract 

Selective oxidation of Fe-Mn alloys was characterizied through X-ray photoelectron 

spectroscopy and scanning/transmission electron microscopy during industrial continuous annealing 

(in an atmosphere of N2-5 vol.% H2 with traces of water at 800 °C). After annealing, only MnO 

oxides are formed on and below the surface and few iron oxides appear on the top surface due to 

oxidation of ambient air or the formation of FeO-MnO solid solutions. Mn concentration profiles 

exhibit typical selective oxidation and show similar features. Mn concentration first increases to a 

peak value at a depth of 5−10 nm from surface, and then decreases to the minimum at the oxidation 

front, following with a floating up and down to bulk composition. According to XPS spectra and 

Mn concentration profiles as a function of depth, the annealed alloy surfaces can be divided into 
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four zones: ambient air contaminated zone, MnO enrichment zone (external and internal oxidation 

coexisting here), Mn depletion zone and bulk composition zone. Mn concentration reaches a 

minimum value at the oxidation front, whose position is deeper with annealing temperature and 

time increasing. The value of Mn diffusion coefficient in ferrite estimated using diffusion flux at the 

oxidation front is 2.9 × 10-15 m2 s-1 at 800 °C, which is slightly greater than that in literature.  

Keywords: selective oxidation, X-ray photoelectron spectroscopy, concentration profile, oxidation 

front, diffusion coefficient 

 

1 Introduction 

Alloying elements, such as manganese, silicon, aluminum and chromium, are added to steel and 

Fe-based alloys for desired mechanical performance. However, these alloying elements show 

complicated oxidation behavior in steel during annealing at high temperature [1-6]. High-

temperature annealing treatment is usually conducted in an atmosphere of nitrogen and hydrogen 

(5−15 vol.%), containing only traces of water (-40 °C dew point). The annealing conditions are 

reducing with respect to iron oxides, but oxidizing for alloying elements. During this process, 

alloying elements diffuse to the surface and react with the dissociative oxygen atoms. Oxides with 

various species and complex morphology are formed on or under steel surface, depending on 

amount of alloying elements, hydrogen content and dew point of the atmosphere and annealing 

temperature [2-4,7-12]. The presence of these oxides on steel surface will deteriorate the wettability 

of liquid zinc, and hence surface coating quality. Thus, characterizing the oxidation process during 

annealing and controlling the formation of oxides is to improving the surface properties of annealed 

products. 

The selective oxidation phenomenon has been extensively studied in the context of industrial 

continuous annealing with conventional surface analytical methods. Scanning electron microscopy 

(SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and glow 

discharge optical emission spectroscopy (GDOES) have been used for these studies. Results from 

literature show that reactive elements such as Mn, Si and Al diffuse from steel bulk to surface and 

precipitate as oxides on or below the steel surface under the industrial annealing conditions [1-4,7-

12]. The in-depth concentration profiles of the alloying elements show that diffusion of Mn and Si 

in steel results in concentration gradients at surface and that an oxidation front at a depth that varies 

from 100 to 900 nm delimits the area where selective oxides precipitate [1,2,4,5,8,9,12-17].  

Although several approaches have been used to study the selective oxidation of Mn in iron-based 

alloys in a broad manner, e.g. the nature and morphology of oxides and Mn diffusion and surface 



enrichment, knowledge is desired regarding the evolution and distribution of Mn oxides and Mn 

concentration profiles as a function of time in context of industrial continuous annealing. This work, 

therefore, aims to characterize the evolution of Mn diffusion and oxide distribution as a function of 

time during continuous annealing and construct a detailed selective oxidation model of Fe-Mn 

alloys with kinetic parameters. 

 

2 Experimental 

2.1 Sample preparation 

One millimeter thick cold rolled sheet was supplied by Goodfellow and its composition is shown 

in Table 1. Prior to the experiments, the sheet was cut into 20 mm square samples. The samples 

were first annealed at 950 ℃ for 60 min in a tubular resistance furnace (ETR 1200) with a high-

purity nitrogen or helium atmosphere (Air Liquide, less than 3×10-4 vol.% H2O, 2×10-4 vol.% O2 

and 5×10-5 vol.% CnHm), which was introduced at a flowrate of 3 × 10-5 m3 s-1 at standard 

temperature and pressure conditions (0 ℃; 100 kPa). After 60 min-annealing, the samples were 

cooled to room temperature at a rate of less than 1 ℃ s-1 in the furnace chamber. The recrystallized 

samples were mechanically polished with SiC papers to remove the iron oxides layer and mirror-

polished up to 1 µm diamond suspension, resulting in an average roughness of a few nanometers. In 

the end, the samples were ultrasonically cleaned in a pure ethanol solution and completely dried. 

The obtained samples have a completely recrystallized microstructure with no iron oxides on the 

surface. 

 

Table 1 Composition of the Fe-Mn alloy sheet studied (wt.%). 

C Si Mn P S N Cu Ni Fe 

0.0013 0.002 1.043 0.002 0.001 0.0028 0.001 0.002 Bal. 

 

The obtained samples were then annealed in the quartz chamber of an infrared radiation furnace 

(Ulvac Sinku-Riko parabolic tubular furnace) under conditions comparable to those of industrial 

continuous annealing. The commercial gas mixture of high-purity N2 and 5 vol.% H2 (Air Liquide 

with less than 3×10-4 vol.% of H2O and 2×10-4 vol.% of O2) was introduced into the furnace 

chamber at a flowrate of 1.25 × 10-5 m3 s-1 at standard temperature and pressure conditions (0 ℃; 

100 kPa). Two aluminum oxide moisture probes were placed at the gas inlet and outlet to measure 

the dew point in the furnace chamber. When the dew point in the quartz chamber was stable at -40 ± 

2 ℃, i.e. an oxygen partial pressure of 5.7 × 10-19 Pa at 800 ℃ [18], the annealing treatment was 



started. The samples were first heated to 800 ℃ at a rate of 6 ℃ s-1 and then held at this 

temperature for 60, 120 and 240 s before being cooled down to room temperature. Due to low 

temperature in the furnace chamber, the cooling rate is so large (approximate 4.5 ℃ s-1 down to 

650 ℃) that acts as a quench for selective oxidation reactions. In order to study the oxidation 

kinetics, the annealing treatment was interrupted at various temperatures during heating process, e.g. 

680, 700, 730, 750 and 800 ℃. The eight temperature profiles are shown in Fig. 1.  

 

2.2 X-ray photoelectron spectroscopy surface analysis 

After annealing treatment, samples were partly covered with oxide particles, whose chemical 

composition and state were analyzed by XPS. XPS measurements were performed using a PHI 

5000 VersaProbe spectrometer with a monochromatized Al Kα primary X-ray source (hv = 1486.6 

eV) operated at 15 kV and 25 W. The diameter of the analyzed surface was approximately 200 µm 

(the mean ferrite grain diameter is 73 ± 39 µm after annealing in the infrared furnace). XPS spectra 

were recorded with a take-off angle of 45° with respect to the normal direction of the sample. High-

resolution spectra of C 1s, O 1s, Fe 2p and Mn 2p core lines were collected with 23.5 eV pass 

energy, i.e. an energy step of 0.1 eV and time/step of 50 ms. The chemical state was analyzed from 

the binding energy of XPS spectra of each element. The in-depth profiles were obtained by 500 V 

ion sputtering for 10 min and then 2 kV ion sputtering for 70 min. The sputtering rate was estimated 

to be 0.93 and 9.5 nm/min for 500 V and 2 kV Ar ion beam respectively (testing on a standard 

sample of pure iron and eq. Fe in short), by assuming that the sputtering rate for Fe was comparable 

to that of Fe-Mn (1 wt.%) alloy. To precisely identify the changes in chemistry state on the very top 

surface, the XPS analysis for each sample was done as follows: the first XPS analysis was 

performed on the sample surface. Then, an ion sputtering was carried out at 500 V for 1 min to 

reach the depth of 0.93 nm (eq. Fe) from sample surface and the second XPS analysis was carried 

out there. The following 10 analyses were performed after 1 min of ion sputtering at 500 V each. 

The 11th XPS analysis was therefore carried out at the depth of 9.3 nm (eq. Fe). Subsequently, the 

XPS analyses were performed every 2 min of ion sputtering at 2 kV, i.e., every 19 nm (eq. Fe) 

depth. Therefore, the depth of the 46th XPS analysis is 674.3 nm (eq. Fe) from sample surface. A 

dual beam charge neutralization was used during depth profiling. The number of electrons detected 

in each characteristic peak is directly related to the amount of element in the sample analyzed and 

the chemical concentration was obtained from the intensity of XPS spectra as well as the relative 

sensitivity factor of each element. During XPS test, all XPS spectra were calibrated by setting the 

main C 1s peak position at 284.8 eV, and a Shirley-type background was utilized to remove the 

background from the high-resolution core-line XPS spectra. 



 

2.3 STEM observation and EDS analysis  

To compare the XPS results with lateral distribution of O, Fe and Mn in the alloys, STEM 

observations and Energy Dispersive Spectroscopy (EDS) analysis were conducted on the lateral 

side of the samples annealed at 800 ℃ for 60 s. A protective Pt layer with 1 µm thick was first 

deposited on the sample surface to prevent damage during lamellae preparation and a Focused Ion 

Beam Scanning Electron Microscope (FIB-FEI Helios NanoLab 660) was used to extract thin foils 

in the annealed samples. FIB foils was 15 µm long and 5 µm wide and their thickness was 80−100 

nm. FIB foils were then observed using a Scanning/Transmission Electron Microscope 

(TEM/STEM-FEI Titan3 G2 60-300). The oxides’ composition was analyzed by EDS in 

TEM/STEM. 

 

 

Fig. 1. Temperature profiles of annealing experiments (6: representative profile of industrial 

continuous annealing; 1-5, 7 and 8: temperature profiles for the study of oxidation kinetics). 

 

3 Results 

3.1 Chemical state of Fe-Mn alloy surfaces 

3.1.1 Chemical state of non-annealed surfaces 

XPS spectra of O 1s, Fe 2p and Mn 2p obtained at the surface of non-annealed alloys (after 

recrystallization annealing and mirror-polishing) are presented in Fig. 2. The two lines of XPS 

spectra correspond to an analysis conducted at a depth of 0.93 nm (black line) and 4.65 nm (red line) 

(eq. Fe) from the sample surface. It should be indicated that carbon is adsorbed on the sample 



surface, resulting in a measurement error of chemical composition at the extreme surface, so we 

begin to study the spectra from the second XPS analysis carried out at a depth of 0.93 nm.  

At a depth of 0.93 nm (black lines in Fig. 2), O 1s peak is identified between 529.8 and 530.7 eV 

corresponding to the binding energy of metal oxides (529.5−530.5 eV) [19,20], two small Fe 2p 

peaks appear at 709.5−710.9 and 722.7−723.7 eV corresponding to the binding energy of Fe2O3 

(709.8−710.8 eV) [21,22], and no peaks appear in the Mn 2p spectra. Thus, it can be concluded that 

only Fe2O3 oxides can be detected on the sample surfaces, and that no manganese oxides are formed 

on the surface of non-annealed samples. At a depth of 4.65 nm (red lines in Fig. 2), two Fe 2p peaks 

appear at 706.9 and 720.1 eV corresponding to the binding energy of metallic Fe (706.6 eV) [21], 

and no obvious peaks appear in the O 1s and Mn 2p spectra. Thus, no oxides can be detected at the 

depth of 4.65 nm. Almost all oxides formed during recrystallization annealing were removed by 

polishing. The iron oxides analyzed on the very top surface of Fe-Mn alloys (0 to 4.65 nm eq. Fe) 

are native oxides formed by contact with ambient air. No obvious peaks appear in Mn 2p spectra 

and its intensity is low due to its low content (1 wt.%) in the alloy.  

 

 

Fig. 2. XPS spectra of (a) O 1s, (b) Fe 2p and (c) Mn 2p obtained at a depth of 0.93 nm (black 

lines) and 4.65 nm (red lines) (eq. Fe) from the surface of no-annealed samples. 

3.1.2 Chemical state of annealed surfaces 

Figs. 3 and 4 show the XPS spectra of O 1s, Fe 2p and Mn 2p obtained on the surface of Fe-Mn 

alloys annealed at 680, 700, 730, 750 and 800 ℃ during heating and at 800 ℃ for 60, 120 and 180 s 

during isothermal holding. At a depth of 0.93 nm (eq. Fe) (Figs. 3(a)-(c) and 4(a)-(c)), the O 1s 

peaks lie at 530.4 eV and the Fe 2p peaks at 710.4 eV, corresponding to the binding energy of both 

elements in Fe2O3. The maximum intensity of Mn 2p peaks lies between 641.0 and 642.1 eV with a 

satellite feature at ~647 eV, indicating the presence of only one type of manganese oxide, i.e. MnO 

[21,23]. It can be seen that Fe peaks always show the same intensity at a depth of 0.93 nm, meaning 

that iron oxidation remains the same on the alloy surface regardless of the annealing temperature 



and time. Mn peak intensity at the depth of 0.93 nm increases as annealing temperature or time 

increases, meaning that more and more MnO is formed on the alloy surface during annealing 

treatment. It should be noted that the XPS spectra obtained for Mn and Fe at a depth of 9.3 nm from 

the sample annealed at 730 ℃ are different from the others (Fig. 3(d)-(f)). The peak intensities of 

these spectra are lower than at other temperatures. This may be due to a fluctuation in the 

measurement parameters. Although the spectra intensity is low, the peak of Fe 2p and Mn 2p can be 

clearly distinguished and the conclusions above remain valid. 

 

 

Fig. 3. XPS spectra of (a, d) O 1s, (b, e) Fe 2p and (c, f) Mn 2p obtained at a depth of (a−c) 0.93 

nm and (d−f) 9.3 nm (eq. Fe) from the surface of samples annealed at different temperatures during 

heating. 

 



 

Fig. 4. XPS spectra of (a, d) O 1s, (b, e) Fe 2p and (c, f) Mn 2p obtained at a depth of (a-c) 0.93 

nm and (d-f) 9.3 nm (eq. Fe) from the surface of samples annealed at 800 ℃ for different time 

during isothermal holding. 

At a depth of 9.3 nm (eq. Fe) (Figs. 3(d)−(f) and 4(d) −(f)), the O 1s peaks are at 530.4 eV, the Fe 

2p peaks at 706.9 eV and the Mn 2p peaks at 641.0 eV, indicating coexistence of MnO and metallic 

iron. At annealing temperatures less than or equal to 750 ℃ (Fig. 3(d) and (f)), the intensity of O 

and Mn peaks is very low, meaning that MnO oxides are much less present at a depth of 9.3 nm 

than at the surface (0.93 nm). At a depth of 9.3 nm, as the annealing temperature increases to 800 ℃ 

and the annealing time is longer at 800 ℃, the intensity of O and Mn peaks increases (Fig. 4(d) and 

(f)). The intensity of O peak is lower than at the extreme surface because it corresponds to MnO, 

iron being essentially in metallic form (Fig. 4(e)). The intensity of Mn peak is high (Fig. 4(f)) and 

remains comparable to that of the surface peak (Fig. 4(c)), which means that the presence of MnO is 

significant at this erosion depth. The intensity of Mn peak is lower than that measured at the 

extreme surface for an annealing time at 800 ℃ of less than 120 s and becomes of the same order of 

magnitude for an annealing time of 240 s. This indicates that the oxidation depth or the oxide 

thickness increases with a longer annealing time. 

Finally, MnO oxides are present on the surface and below the surface of annealed Fe-Mn alloys. 

MnO is detected together with metallic iron as the erosion depth increases. The intensity of Mn 

peaks increases as the annealing temperature or time increases. Native iron oxides analyzed at the 



extreme surface are probably formed after annealing in the infrared lamp furnace when the samples 

are placed in the ambient air. 

3.1.3 Changes in Fe chemical state  

Fig. 5 shows the changes in Fe chemical state on the surface of samples annealed at 680, 700, 

730, 750 and 800 ℃ during heating and at 800 ℃ for 60, 120 and 240 s during isothermal holding. 

At a depth of 0.93 nm (eq. Fe), Fe 2p peaks always lie between 710.2 and 710.6 eV, which 

correspond to the binding energy of Fe2O3. As the depth increases, the peaks of Fe 2p spectra move 

slightly to the right side of the coordinate axis. The first peak, corresponding to iron oxides, shifts 

slightly towards the lowest binding energies and is between 709.2 and 710.3 eV (red and blue lines 

in Fig. 5). The second peak, corresponding to metallic iron, becomes more and more visible at an 

erosion depth greater than 4 nm (eq. Fe) and lies between 706.7 and 706.9 eV (blue and green lines 

in Fig. 5). This means that the nature of  iron oxides changes as the analysis depth increases and that 

no iron oxide is present when the depth reaches 4.65 nm at 680 ℃, 6.51 nm at 700 ℃, 7.44 nm at 

730 and 750 ℃, 8.37 at 800 ℃ for 0, 60 and 120 s holding and 9.30 nm at 800 ℃ for 240 s holding. 

In summary, iron oxides are present deeper and deeper in the alloy, or their thickness increases as 

the annealing time increases. The reference binding energies for Fe2O3 and FeO peaks are 709.8-

710.8 and 708.4-709.5 eV [21,22]. Thus, the iron oxides on the extreme top surface should be 

Fe2O3, and they are FeO or the mixture of Fe2O3 and FeO as the depth increases. MnO is also 

analyzed at the same time for the same depths (Figs. 3(c) and (f), 4(c) and (f)). It can be deduced 

that MnO could be combined with a small amount of FeO at the alloy surface. 

 



 

Fig. 5. XPS spectra of Fe 2p obtained on the surface of samples annealed at (a) 680 ℃, (b) 

700 ℃, (c) 730 ℃, (d) 750 ℃ and (e) 800 ℃ during heating and at 800 ℃ for (f) 60 s, (g) 120 s 

and (h) 240 s during isothermal holding (The value of the erosion depth for the different spectra is 

related to an equivalent depth in pure iron). 

3.2 Depth-dependent alloy modification 

Fig. 6 shows XPS spectra of Mn 2p obtained at different depths on alloy annealed at 800 ℃ for 

60 s. The peaks of Mn 2p are between 641.0 and 642.0 eV, meaning that all oxide particles formed 

are MnO oxides. The intensity of Mn 2p peaks decreases gradually from the alloy surface to a depth 

of 85.3 nm. From a depth of 142.3 nm, no peaks are visible and Mn is no longer oxidized. 

Fig. 7 shows STEM images and corresponding EDS maps obtained on the cross-sections of Fe-

Mn alloys annealed at 800 ℃ for 60 s. MnO oxides are mainly formed on the alloy surface. A small 

amount of oxides are located at a depth of about 80 nm below the surface. Almost no oxides appear 

in the alloy, but a few areas slightly enriched in O and Mn can also be detected occasionally 

(bottom of Fig. 7(i) and (l)). Thus, the selective oxidation of Mn is mainly external. The height of 



the oxides formed on the alloy surface varies from 20 nm on Fe(110) grains to 40 and 70 nm on 

Fe(100) and Fe(111) grains respectively. The oxidation depth measured by XPS (here about 80 nm) 

is of the same order of magnitude as the maximum height of the oxides measured from STEM 

images. 

 

Fig. 6. XPS spectra of Mn 2p obtained on the surface of samples annealed at 800 ℃ for 60 s (The 

value of the erosion depth for the different spectra is related to an equivalent depth in pure iron). 

 

The oxidation depth measured by XPS is performed on an average of ten ferrite grains and gives 

a relatively good estimate of the oxidation measurements. Subsequently, we will look at the 

behavior of the material as a function of depth based on the XPS measurements. The chemical 

concentration of the elements detected (Mn, Fe and O) was obtained from the intensity of XPS 

spectra as well as the relative sensitivity factor of each element. 

3.2.1 Oxidation of Mn and Fe  

First consider the concentration profiles obtained on the Fe-Mn (1 wt.%) alloy annealed at 800 ℃ 

for 60 s (line 6 in Fig. 1), which is representative of industrial annealing. Fig. 8(a) shows the atomic 

concentration profiles for O, Fe and Mn as a function of depth on the sample annealed at 800 ℃ for 

60 s, abscissa 0 corresponding to the alloy surface. Significant enrichment in Mn at the alloy surface 

can be observed up to a depth of 100 nm, and a slight enrichment in Mn ranging from 100 nm to 

approximately 150 nm can also be observed. The depletion of Fe extends from the alloy surface to a 

depth of 150 nm, correlating well with the enrichment of Mn. In the first tens of nanometers, the Fe 



concentration is much less than that of the alloy bulk, due to the formation of MnO oxides at the 

alloy surface. The O concentration decreases to almost zero at a depth of 150 nm from the alloy 

surface, corresponding well with Fe depletion and Mn enrichment.  

 

Fig. 7. (a-c) TEM images and EDS mapping of (g)-i) O, (j-l) Mn, (m-o) Fe and (d-f) O-Mn-Fe all 

together obtained on Fe-Mn alloys annealed at 800 ℃ for 60 s. 

 

Atomic concentration of O is greater than the sum of Mn and Fe in the first 8 nm (red line in Fig. 

8(b)), which means that both Mn and Fe oxidize on the alloy surface. At a depth of 0 nm, the O 

concentration is four times higher than that of Mn and Fe, which means that a lot of oxygen atoms 

are adsorbed on the alloy surface. In the range from 8 nm to 150 nm, the atomic concentration of O 



is approximately equal to that of Mn (black line in Fig. 8(b)), meaning that only Mn is oxidized in 

this area. The fluctuation of the O/Mn atomic ratio around 1 at a depth of greater than 150 nm is due 

to the measurement uncertainty. The XPS spectra of Fe on the sample annealed at 800 ℃ for 60 s 

also show that only metallic Fe can be detected from a depth of about 8 nm (Fig. 5(f)).  

 

 

Fig. 8. (a) Atomic fraction for O, Fe and Mn and (b) atomic ratio of O to Mn (black line) and O to 

Fe+Mn (red line) as a function of depth on the sample annealed at 800 ℃ for 60 s (The green line in 

Fig. 8(a) represents bulk concentration of Mn (1 wt.% or 1.02 at.%), the depth measurement is 

based on the assumption that the sputtering rate for Fe is comparable to that of oxidized Fe-Mn (1 

wt.%) alloy). 

 

3.2.2 Mn oxidation as a function of annealing time  

Fig. 9 shows the evolution of the atomic concentration of Mn as a function of alloy depth for 

samples annealed at 750 and 800 ℃ during heating and 800 ℃ for holding of 60, 120 and 240 s. All 

concentration profiles present the same characteristics: Mn concentrations first increase to the peak 

value at a depth of 8−10 nm and then decrease between 8−10 nm and about 50−300 nm to the bulk 

composition. These Mn concentration profiles also show some differences during different 

annealing steps: (1) the maximum value of Mn concentration at a depth of 8−10 nm increases and 

(2) the Mn enrichment zone in the subsurface extends as the annealing temperature and time 

increase. The maximum value of Mn concentration corresponds to the maximum amounts of MnO 

oxides formed on the alloy surface. On the sample annealed at 750 ℃ during heating, the maximum 

value of Mn concentration is about 6.5 at.%, which means that only a small amount of MnO oxides 

have been formed on the alloy surface. As the annealing temperature or time increases, increasing 



Mn atoms diffuse from the alloy bulk to the surface and participate in the formation and growth of 

MnO oxides, resulting in a higher peak value of Mn concentration at the alloy surface and a wider 

range of Mn enrichment in the alloy subsurface. 

 

 

 

Fig. 9. Concentration profiles (at.%) for Mn as a function of alloy depth obtained on the samples 

annealed at 750 and 800 ℃ during heating and at 800 ℃ for 60, 120 and 240 s-holding (The depth 

measurement is based on the assumption that the sputtering rate for pure iron is comparable to that 

of partly oxidized of Fe-Mn (1 wt.%) alloy). 

 

According to the model of selective oxidation [24], an oxidation front with minimal Mn 

concentration must be present in the alloy subsurface. To show more details of the subsurface 

concentration profiles, Mn atomic concentration profiles ranging from 0 to 4 at.% are enlarged in 

Fig. 10. It can be seen that the Mn concentrations decrease to a low concentration point, and then 

oscillate around 1 at.%. In all cases studied here, the bulk Mn concentration measured by XPS is 

slightly less than 1 at.% due to a small uncertainty in the calibration of concentration. The XPS 

measurement uncertainty combined with the low Mn concentration in the studied alloy makes it 

difficult to precisely locate the oxidation front and to highlight the depletion zone linked to Mn 

consumption by the formation of MnO. In order to obtain an order of magnitude of the oxidation 

depth, we have marked the oxidation front with the first measured point at a concentration of less 

than 0.5 at.% Mn (points in Fig. 10). The depth of the oxidation front increases from 47 nm for 

annealing at 750 ℃ to 332 nm for annealing at 800 ℃ for 240 s. The formation of oxides on the 

alloy surface consumes Mn in the subsurface regions, resulting in Mn depletion at a low 

concentration, which corresponds to the equilibrium value of MnO solubility product in iron [25,26]. 



When the equilibrium concentration of Mn is reached at the oxidation front, the oxidation front goes 

further and further from the alloy surface for more Mn elements oxidizing.  

 

 

 

cprFig. 10. Concentration profiles (at.%) for Mn as a function of alloy depth for locating the position 

of the oxidation front (point on the lines) obtained on the samples annealed at 750 and 800 ℃ 

during heating and at 800 ℃ for 60, 120 and 240 s-holding (The depth measurement is based on the 

assumption that the sputtering rate for pure iron is comparable to that of partly oxidized Fe-Mn (1 

wt.%) alloy). 

 

4. Model construction and estimation of Mn diffusion coefficient in ferrite 

4.1 Four zones to describe the selective oxidation of the Fe-Mn alloy 

XPS results showed that the samples of Fe-Mn alloys annealed in an atmosphere of N2-5 vol.% 

H2 with -40 ℃ dew point are divided into four zones according to the depth from the alloy surface: 

an ambient air contaminated zone, a MnO oxide enrichment zone, a Mn depletion zone and the bulk 

composition zone. In the following, we combined XPS spectra and concentration profiles to analyze 

the material nature and the boundary conditions of the four zones.  

4.1.1 Ambient air contaminated zone 

XPS spectra of Fe 2p in Fig. 5 show that iron oxides exist only on the top surface (from the 

surface to a depth of 4.5−9.0 nm), and that the oxides are more likely to be Fe2O3 in the upper part 

of the iron oxide layer and to be FeO or the mixture of FeO and Fe2O3 in the lower part. Fe2O3 

oxides are also analyzed on the surface of non-annealed samples (about 5 nm thick, Fig. 2), Fe2O3 is 

therefore formed partly or completely on the surface of the annealed samples when the samples are 

cooled in the N2-H2 reducing atmosphere with respect to iron oxides and then released into the 



ambient air. The presence of FeO detected on the surface of the annealed alloy can be explained by 

three main reasons: (1) The formation of FeO-MnO solid solution is thermodynamically possible 

under the annealing conditions chosen [27]; (2) Oxidation to Fe3O4 in the N2-H2 reducing 

atmosphere at low temperature and then to Fe2O3 in the ambient air could also lead to the formation 

of some FeO; (3) The binding energies of FeO and Fe2O3 peak are very close and the interpretation 

could be related to a measurement artifact. Thermodynamic calculations are conducted in Appendix 

A to validate the possibility of reason (2). 

The thickness of the iron oxides on the alloy surface increases slightly with annealing 

temperature and time: it is 7.4, 8.4, 8.4, 8.4 and 9.3 nm for the samples annealed at 750 and 800 °C 

during heating and at 800 °C for 60, 120 and 240 s during isothermal holding respectively. This 

may be due to the increase in oxygen atoms adsorbed on the alloy surface as the annealing 

temperature and time increase. These adsorbed oxygen atoms participate in the formation of the 

iron oxide layer at low temperature. The thicknesses of iron oxides coincide with the peak position 

of Mn concentration profiles shown in Fig. 9. Thus, in the graphs, the air-contaminated zone 

extends from the alloy surface to the depth where the Mn concentration reaches the maximum. But 

the difficulty in further interpreting these results is to know how the erosion of the heterogeneous 

and rough surface composed of MnO particles and iron oxide films takes place. Both materials 

erode at the same time but are not always in the same plane parallel to the alloy surface. 

4.1.2 Enrichment zone of precipitated MnO 

XPS spectra and Mn concentration profiles combined with STEM observations show that MnO 

oxides are formed on the alloy surface with iron oxides in the air-contaminated zone. Then external 

MnO oxides and a small amount of internal MnO oxides are detected together with metallic iron. In 

Mn concentration profiles, this area corresponds to the decrease in Mn concentration from the peak 

position (Fig. 9). To better identify the relationship between the position of the oxidation front and 

Mn concentration, XPS spectra of Mn 2p obtained at a depth close to oxidation front are presented 

with Mn concentration in Fig. 11. Peaks corresponding to MnO can be easily observed when the 

Mn concentration is greater than 3 at.%. The peaks are less visible when the Mn concentration 

decreases from 3 to 2 at.%. When the Mn concentration is close to 1 at.%, no peaks in the Mn 

spectra could be observed. Thus, the enrichment zone of precipitated MnO extends from the 

maximum value to about 1 at.% of the Mn concentration. Fig. 11 also shows the depth where the 

Mn concentration is between 3 and 1 at.%, i.e., the depth of oxidation front, increases with 

annealing temperature and time increasing.  



Mn concentration reaches a minimum value at the oxidation front (Fig. 10) where 

thermodynamic equilibrium is reached between Mn and a very small amount of O atoms to fulfill 

the minimum condition for MnO formation, i.e. the solubility product of MnO in iron: 

���� = ���
��	
 ∙ ��

��	

                                                (1) 

where ��
��	


 is the concentration of element i in solid iron (in wt.%) at equilibrium with MnO 

formation. The annealing atmosphere used here is N2-5 vol.% H2 with -40 ℃ dew point, 

corresponding to a partial pressure of water vapor of 19.05 Pa [28]. The water molecules adsorbed 

on the alloy surface can dissociate into oxygen atoms dissolved on the sheet. The superficial O 

concentration in equilibrium with the annealing atmosphere can be expressed as [18]: 

lg ��
��	
 = 4 − ����

� + lg ����
���

                                        (2) 

where ���� and ���  are the partial pressure of water vapor and hydrogen in the atmosphere, and the 

value of ���  is 5066.25 Pa. 

With the solubility product of MnO expressed in wt.%2 summarized by Huin et al. [18]:                                     

���� = 10��.�!"#$%&$
' × 10")                                    (3) 

The equilibrium concentration of Mn for MnO formation in iron is calculated as 0.025 wt.% and 

0.053 wt.% at 750 and 800 ℃ respectively. The measured Mn concentration at the oxidation front 

larger than the calculated result can be explained by three reasons: (1) The oxidation front we 

indicated is not the depth limitation where no MnO oxide is formed anymore; (2) The O 

concentration in equilibrium with the annealing atmosphere is calculated on the alloy surface and 

the value should be smaller with increased depth; (3) The XPS measurement uncertainty combined 

with low Mn concentration. 

 



 

Fig. 11. XPS spectra of Mn 2p obtained on the surface of samples annealed at (a) 750 ℃ and (b) 

800 ℃ during heating and at 800 ℃ for (c) 60 s, (d) 120 s and (e) 240 s during isothermal holding 

(The Mn concentration is given corresponding to different depth, the value of depth for different 

spectra is assumed to be equivalent to Fe). 

 

4.1.3 Mn depletion zone and bulk composition zone 

From the oxidation front, the Mn concentration gradually increases to the bulk composition. This 

region is the Mn depletion zone. As explained above, the XPS measurement uncertainty combined 

with low Mn concentration in the studied alloy makes it difficult to precisely locate the oxidation 

front and to highlight the depletion zone linked to Mn consumption by the formation of MnO. From 

the measurement of Mn concentration in the bulk, the measurement uncertainty of Mn 

concentration is about ±0.29 at.%. The five values of Mn concentration (in at.%) at the oxidation 

front are 0.49, 0.28, 0.13, 0.27 and 0.33. Thus, the measurement uncertainty is comparably large so 

that cannot be negligible. The boundary between depletion and bulk composition zone cannot be 

certainly determined from this study. 

 

4.2 Estimation of Mn diffusion coefficient in ferrite 



Although the oxidation front and the depletion zone were not precisely located due to 

measurement uncertainties, we tried to estimate a Mn diffusion coefficient in ferrite using Mn 

diffusion coefficient.  

    According to the experimental results, Mn diffuses from the bulk to the oxidation front for the 

formation of MnO oxides. The diffusion of Mn towards the oxidation front *(,) where the Mn 

concentration reaches its minimum is described by the second Fick’s law and the general equation 

for Mn diffusion as a function of time , and depth . is written as follows: 

/012(3,5)
/5 = 6�� /�012(3,5)

/3�                                                 (4) 

where ���(., ,) is the mass fraction of Mn in the alloy and 6�� is the Mn diffusion coefficient in 

ferrite, assumed here to be independent of temperature and Mn concentration. The use of mass 

fractions in Eq. (4) instead of the concentrations is valid because the Mn concentration is low (99.0 

wt.% Fe) and in that case, it can be assumed that the matrix is well described by pure iron.  

The annealing experiments conducted in this work are anisothermal and the heating and cooling 

time is of the same order of magnitude as the isothermal holding time at 800 ℃. The diffusion Eq. 

(4) to be solved assumes that the temperature is constant and equal to 800 ℃. To do this, we will 

use the experimental results of annealing at 800 ℃ without holding to estimate an annealing time 

,�� at 800 ℃ equivalent to heating and cooling steps from the point of view of Mn diffusion. 

Assuming that the annealing is isothermal at 800 ℃, thermodynamic equilibrium is reached at 

the oxidation front *(,) between Mn and O for the minimum condition of MnO formation. In this 

case, the diffusion flux of Mn on the oxidation front *(,) is given by: 

7�� = 8���9
� − ���� : ∙ ;<12
=∙5                                            (5) 

where ����  and ���9
� are the mass fractions of Mn in the alloy and at the oxidation front *(,). 

The value of ���9
� is equal to the average of Mn mass fraction at the oxidation front obtained on 

samples annealed at 800 ℃ for 0, 60, 120 and 240 s and the value is 0.24 ± 0.10 wt.%. The value of 

����  is equal to 1 wt.% and , used in this equation should be the combination of the equivalent time 

of heating and cooling steps and the isothermal annealing time, i.e. , = ,�� + ,>?@A
�B. 

The total amount of Mn diffusing through the oxidation front *(,) within time t can be expressed 

by integrating Eq. (5): 



C�� = 28���� − ���9
�: ∙ ;<12(5EFGHI2JK5LM)
=                                        (6) 

The equivalent time ,�� is determined using the measured amount of Mn from the concentration 

profiles, i.e. the Mn content present from the alloy surface to the oxidation front. The measured 

amount of Mn is 98.3, 496.4, 583.1 and 1023.3 wt.% nm for samples annealed at 800 ℃ for 0, 60, 

120 and 240 s. Thus ,�� is estimated to be 36 s and the evolution of the amount of Mn diffusing 

through the oxidation front as a function of the square root of ,>?@A
�B + ,�� is shown in Fig. 12. 

With the slop of the straight line in Fig. 12 and Eq. (6), it can be estimated that the value of 6�� 

is about 2.9 × 10-15 m2 s-1 at 800 ℃. In literature, values for 6�� at 800 ℃ is equal to 9.09 × 10-16 

m2 s-1 according to Oikawa [29], 7.0 × 10-16 m2 s-1 according to Kucera et al. [30] and 2.6 × 10-15 m2 

s-1 according to Ollivier-Leduc et al [1]. Our calculation results are a little larger than the published 

values for three reasons: (1) We assumed the location of the first point in Mn concentration profiles 

lower than 0.5 at.% corresponding to the oxidation front. The real oxidation front is probable in 

deeper alloy due to large measurement uncertainty. (2) The depth measurement in Mn concentration 

profiles is based on the assumption that the sputtering rate for pure iron is comparable to that of Fe-

Mn (1 wt.%) alloy, which may lead to an overestimate of depth and thus larger mMn in Eq. (6). (3) 

The diffusion coefficient estimated in this work is a combination of bulk and grain boundary 

diffusion. 

 

 

Fig. 12. Evolution of the amount of Mn diffusing through the oxidation front as a function of the 

square root of ,>?@A
�B + ,�� at 800 ℃. 

 



5. Conclusions 

Selective oxidation of Fe-Mn alloys was studied by XPS during annealing treatments conducted 

in industrial continuous annealing conditions to explore the nature of oxides formed in different 

depths from alloy surface and the characteristics of selective oxidation of Fe-Mn alloys during 

annealing. Under the industrial annealing conditions, only MnO oxides are formed on and below the 

surface and few iron oxides appear on the very top surface due to oxidation of ambient air or the 

formation of FeO-MnO solid solutions. The concentration profiles obtained are typical mode of 

selective oxidation: diffusion of Mn from the alloy bulk to the oxidation front and selective 

oxidation on the alloy surface. From XPS spectra and Mn concentration profiles as a function of 

depth, the samples annealed in N2-H2 atmosphere are divided into four zones: ambient air 

contaminated zone (a few nanometers thick on the surface), MnO oxide enrichment zone (from the 

maximum value to about 1 at.% of Mn concentration), Mn depletion zone and bulk composition 

zone (unclear boundary because of measurement uncertainty). In the MnO enrichment zone, XPS 

signal of MnO is intense at first and then decreases rapidly until the Mn concentration is about 3 

at.%, corresponding to the external and internal oxidation zone. No peaks in Mn spectra could be 

observed when the Mn concentration is close to 1 at.%. The Mn concentration reaches a minimum 

value at the oxidation front, whose position is deeper with annealing temperature and time 

increasing. The value of Mn diffusion coefficient in ferrite estimated using diffusion flux at the 

oxidation front is 2.9 × 10-15 m2 s-1 at 800 ℃, which is a slightly larger than that in literature.  

  



Appendix A: Thermodynamic calculations 

 

A.1 Thermodynamic stability of Fe3O4 in N2-5 vol.% H2 atmosphere 

    The reactions between iron (Fe) and its oxides (Fe3OQ) in the annealing atmosphere of N2-5 vol.% 

H2 are given by: 

. Fe(s) + T HVO(g) ↔ Fe3OQ(s) + T HV(g)                                (R-A.1) 

The Gibbs free energy associated with reaction (R-A.1) under constant temperature and pressure 

can be expressed as [34]: 

∆YZ["\.� = ∆YZ["\.�° + ^_ ln abcLd�e
bcLd

���e
����ef                           (A.1) 

where ∆YZ["\.�°  is the standard Gibbs free energy of reaction (R-A.1), and gh�d�e and gh� are the 

activities of Fe3OQ and Fe. As a first approximation, the oxides formed can be considered to be pure, 

i.e., gh�d�e = 1. As Fe is the main element in Fe-Mn alloy studied there (99.00 wt.%), its activity is 

supposed to be given by Raoult’s law: 

gh� = .h� ≈ 1                                                    (A.2) 

The value of ∆YZ["\.�°  can be taken from FactSage 7.2 (http://www.factsage.com/), and the values 

of ���  and ���?  in the annealing atmosphere used in this work are 5066.25 and 19.05 Pa 

respectively. 

With all the equations and values given above, the thermodynamic stability of iron oxides, i.e. 

Fe0.95O, Fe2O3 and Fe3O4 can be determined as a function of annealing temperature. It is found that 

only Fe3O4 is thermodynamic stable in N2-5 vol.% H2 atmosphere in the temperature range of 0 ℃ 

to 175 ℃. Thus, Fe3O4 can be formed when the samples are cooled in the N2-H2 reducing 

atmosphere after annealing treatment. 

 

A.2 Thermodynamic stability of Fe2O3 in ambient air 

    The reactions between iron and Fe2O3 in the ambient air are given by: 

2 Fe(s) + �
V  OV(g) ↔ FeVO�(s)                                      (R-A.2) 

The Gibbs free energy associated with reaction (R-A.2) under constant temperature and pressure 

can be expressed as [31]: 



∆YZ["\.V = ∆YZ["\.V° + ^_ ln abcL��&
bcL�

�
���&/�f                       (A.3) 

where ∆YZ["\.V°  is the standard Gibbs free energy of reaction (R-A.2), and ���  is the oxygen partial 

pressure in ambient air, whose value is 21278.25 Pa. Since the activities of Fe2O3 and Fe are equal 

to 1, Fe2O3 can be stable in ambient air when:  

∆YZ["\.V° − �
V ^_ln��� < 0                                     (A.4) 

The value of ∆YZ["\.V°  (from FactSage 7.2) at room temperature (22 ℃) is -825821.3 J, so Fe2O3 

can stably exit in the ambient air. 

 

A.3 Transformation of Fe3O4 into Fe2O3 and Fe2O3+FeO in ambient air 

The Gibbs free energy of transformation of Fe3O4 into Fe2O3 can be calculated using Eq. (A.5). 

4 Fe�Ol(s) + OV(g) = 6 FeVO�(s)                                   (R-A.3) 

∆YZ["\.� = ∆YZ["\.�° + ^_ ln bcL��&n
bcL&�oo ∙���

                             (A.5) 

where ∆YZ["\.�°  is the standard Gibbs free energy of reaction (R-A.3), and its value is -485102.5 J 

at 22 ℃ (from FactSage 7.2). Thus, the Gibbs free energy of transformation of Fe3O4 into Fe2O3 is 

much less than zero in ambient air at room temperature. 

    The Gibbs free energy of transformation of Fe3O4 into Fe2O3+FeO can be calculated using Eq. 

(A.6). 

5 Fe�Ol(s) + OV(g) = 7 FeVO�(s) + FeO(s)                         (R-A.4) 

∆YZ["\.l = ∆YZ["\.l° + ^_ ln bcL��&r ∙h��
bcL&�os ∙���

                            (A.6) 

where ∆YZ["\.l°  is the standard Gibbs free energy of reaction (R-A.4), and its value is -459329.4 J 

at 22 ℃ (from FactSage 7.2). Since the Gibbs free energy of transformation of Fe3O4 into 

Fe2O3+FeO is much less than zero at room temperature, it is possible that some FeO is formed 

when Fe3O4 is transformed into Fe2O3 in ambient air. 
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