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Abstract 11 

An Fe-Mn (1 wt. %) alloy was annealed at 800°C in N2-5 vol. % H2 with a dew point of -40°C. The 12 

nucleation and growth of external selective oxides of MnO were characterized for the first time as a function 13 

of ferrite grain orientation. Nucleation occurs successively on Fe{110}, Fe{111} and Fe{100} at 650 to 14 

700°C. The oxides are faceted and their shape, size and surface density, measured accurately, are strongly 15 

dependent on the ferrite grain orientation. The oxides grow as the annealing time increases. New oxides are 16 

formed after 180 s at 800°C. The associated external selective oxidation mechanisms are discussed. 17 

Keywords: A. alloy, B. AFM, B. SEM, B. STEM, C. selective oxidation. 18 

 19 

1. Introduction 20 

The steel sheets used for automotive vehicles are becoming thinner and thinner to achieve both 21 

lightweight of car bodies and reduced material costs. Advanced high strength steels (AHSS) are widely used 22 

in the automotive industry because they combine light weight with excellent mechanical properties [1]. The 23 

steel surface needs to be coated with a zinc layer in order to protect it against corrosion, which is usually 24 

done by hot-dip galvanizing [2]. Before being immersed in a bath of molten zinc or zinc alloy, the steel 25 

sheets are annealed in a reducing atmosphere of nitrogen and hydrogen (5 to 15 vol. %) containing only 26 

traces of water (about 200 ppm). The main objective of the annealing treatment is to recrystallize the steel 27 

and restore mechanical properties after cold rolling. Under the conditions chosen for the annealing treatment, 28 

the iron oxides formed during cold rolling are reduced, but unfortunately, selective oxidation occurs on the 29 

steel surface when it contains alloying elements such as manganese and silicon [2-5]. The presence of oxide 30 
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particles on the steel surface can lead to wettability problems by liquid zinc [1,2,6,7] and the coating quality 31 

is therefore directly related to the surface coverage by the oxide particles.  32 

Numerous annealing studies have been made on AHSS to investigate the effect of steel composition, 33 

annealing temperature and dew point of the gas atmosphere on selective oxidation, including both laboratory 34 

materials [8-13] and industrial steels [5,12,14-19].  35 

In general, oxidation is exclusively external during annealing in a low dew point atmosphere (≤ -30 °C). 36 

The segregation of Mn, Si and Al to the surface is dominant [5,8,10,12-14,16]. The simple oxides MnO, 37 

SiO2, Cr2O3 and Al2O3 precipitate on the surface of the corresponding binary alloys and the formation of 38 

MnSiO3 / Mn2SiO4 and MnCr2O4 occurs when Mn, Si and Cr are simultaneously present in the alloy 39 

[5,8,10,11,17]. With a long annealing time, the surface oxides can be connected to form a thin film of 40 

amorphous a-xMnO‧SiO2 (x < 0.9) and crystallized c-xMnO‧SiO2 (x > 1) [16,18,19].  41 

Annealing in a high dew point atmosphere (≥ 0 °C) always results in the formation of small particles or 42 

thin films of external and internal oxides [10,12,13,15-19]. Larger simple oxide particles such as MnO, 43 

Mn3O4, SiO2 and Cr2O3 are formed on and below the surface of the corresponding binary alloys and mixed 44 

oxides like MnSiO3 / Mn2SiO4, MnAl2O4, Mn3(PO4)2 and MnCr2O4 appear in the multi-constituent alloys 45 

[10,12,16-19].  46 

These investigations have revealed that the selective oxidation behavior is very complex and that the 47 

chemical nature, morphology and distribution of oxides depend mainly on the steel composition and the 48 

annealing atmosphere. To reduce the formation of these oxide particles during annealing, it is important to 49 

understand the mechanisms of oxide nucleation and growth. Some authors have found that the segregation of 50 

the alloying elements on the steel surface [3], the size distribution, density [5,9,17,20] and shape [9,20] of the 51 

oxides are different from one ferrite grain to another or have shown crystallographic relationships between 52 

the oxide and the iron matrix [19]. The nucleation of these selective oxides must therefore be very sensitive 53 

to the characteristics of the steel surface (e.g. small defects, facets and grain orientation). It should be noted 54 

that some studies on the oxidation of iron (to iron oxides) as a function of ferrite grain orientation can be 55 

found ([21] and references inside). But, to our knowledge, no detailed studies have been carried out on the 56 

influence of ferrite grain orientation on the nucleation and growth of selective oxide particles formed during 57 

continuous annealing. The present study will therefore focus on this subject. 58 

Due to the diversity and complexity of oxidation behavior, we focus on the selective oxidation of model 59 

systems consisting only of iron and manganese, Mn being one of the main alloying elements (typically 1.0 to 60 

2.5 wt. % Mn) in AHSS. Recent studies on binary Fe-Mn alloys [8,9,11,20,22-25] have shown that only 61 

MnO particles are formed on the alloy surface under conventional industrial annealing conditions. The main 62 

objectives of this work are as follows: (1) to examine the first stage of selective oxide formation on the 63 

ferrite surface; (2) to characterize the two and three-dimensional geometrical parameters of the oxide 64 
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particles during annealing to study oxide growth; (3) to explore for the first time the influence of ferrite grain 65 

orientation on the nucleation and growth of the selective oxide particles. 66 

 67 

2. Experimental procedure 68 

2.1 Sample preparation 69 

The binary Fe-Mn (1 wt. %) alloy used in this work was supplied by Goodfellow in the form of 1 mm 70 

thick sheet. The composition analyzed by Spark-Optical Emission Spectrometry (Spark-OES Spectrolab 71 

M10) is given in Table 1. 72 

 73 

Table 1 Composition of the Fe-Mn alloy studied (wt. %). 74 

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. 

     75 

The cold-rolled alloy sheets received were cut into 20 mm square samples for annealing experiments. In 76 

order to obtain a fully recrystallized microstructure, these square samples were first annealed at 950 °C for 77 

60 min in a tubular resistance furnace (ETR 1200). The furnace gas atmosphere was composed of high-purity 78 

commercial nitrogen or helium (Air Liquide, less than 3 ppm H2O, 2 ppm O2 and 0.5 ppm CnHm) and was 79 

introduced at a flowrate of 3 × 10-5 m3
‧s-1 at standard temperature and pressure conditions (0 °C; 100 kPa). At 80 

the end of the annealing, the samples were cooled to room temperature at a rate of less than 1 °C‧s-1 in the 81 

furnace chamber. The recrystallized samples were then mechanically polished with SiC papers to remove the 82 

iron oxides layer and mirror-polished up to 1 µm diamond suspension, resulting in an average roughness of a 83 

few nanometers. The obtained samples were ultrasonically cleaned in a pure ethanol solution and completely 84 

dried. Finally, two thermocouples were spot welded in the centre and in one corner of the samples to control 85 

and measure temperature for the subsequent annealing. 86 

After this initial preparation, the samples were annealed in the quartz chamber of an infrared radiation 87 

furnace (Ulvac Sinku-Riko parabolic tubular furnace) with a temperature profile corresponding to continuous 88 

industrial annealing (thick line shown in Fig. 1). This annealing which lasts a few minutes will be called 89 

short annealing afterwards (to differentiate it from the first annealing which lasts 60 min). Two samples 90 

were first heated to 800 °C at a rate of about 6 °C‧s-1 and then held at 800 °C for 60 s before being cooled to 91 

room temperature. To study the nucleation and growth of oxide particles, heating was stopped at various 92 

temperatures, namely 650, 680, 700, 730, 750, 770 and 800 °C, and the samples were cooled directly to room 93 

temperature (temperature profiles 1 to 7 in Fig. 1). In addition, some samples were annealed at 800 °C for 30, 94 
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120, 180, 240 and 300 s before being cooled to room temperature (temperature profiles 8 and 10-13 in Fig. 95 

1). During annealing, the two temperature profiles obtained by the thermocouples were in good agreement. 96 

According to the Fe-Mn phase diagram [26], the samples were composed at all temperatures of ferrite, which 97 

has a body-centered cubic (bcc) structure with manganese in solid solution [27]. 98 

The gas atmosphere used in the furnace chamber was a high purity commercial N2 - 5 vol. % H2 mixture 99 

(Air Liquide with less than 3 ppm H2O and 2 ppm O2). It was introduced at a flowrate of 1.25 × 10-5 m3
‧s-1 at 100 

standard temperature and pressure conditions (0 °C; 100 kPa). The atmosphere dew point was set at -40 ± 2 101 

°C, comparable to the practice of galvanizing lines and corresponding to an oxygen partial pressure of 5.8 × 102 

10-19 Pa at 800 °C [28]. The dew point in the furnace chamber was measured by two aluminium oxide 103 

moisture probes located at the gas inlet and outlet, respectively. Due to the low temperature environment in 104 

the furnace chamber, cooling at the end of annealing is so rapid (about 4.5 °C‧s-1 down to 650 °C) that it acts 105 

as a quench for selective oxidation reactions.  106 

2.2 Characterization procedures 107 

Under the annealing conditions described above, iron oxides are reduced and manganese is oxidized and 108 

forms particles on the alloy surface.  109 

The surface of the samples was observed using a Field Emission Gun Scanning Electron Microscope 110 

(FEG-SEM Leo 1530). The orientation of the ferrite grains was determined by Electron Back Scattered 111 

Diffraction (EBSD Nordif/TSL). In order to be able to identify precise areas, two square marks with a size of 112 

30 µm × 30 µm × 7 µm were made on each sample by the ion beam of a Focused Ion Beam Scanning 113 

Electron Microscope (Dual beam FIB-SEM Helios FEI NanoLab 660). Then, an area was selected around 114 

the mark to make an EBSD map and to determine the location of the ferrite grains with three orientations of 115 

{100}, {110} and {111}. For each annealing temperature, SEM photos were taken in three or four ferrite 116 

grains with the same orientation on one or two samples. 117 

An image analysis using the ImageJ software [29,30] was performed on these SEM photos to obtain the 118 

geometrical parameters of the oxide particles. Since the oxides on the ferrite were low in contrast, we first 119 

drew the contours of the oxide particles by hand on a transparent film and scanned it to obtain an image, 120 

which allows automatic recognition of the oxide particles. Three geometrical parameters were measured: the 121 

surface density noxides of the oxides (i.e., the number of oxide particles present on a unit area), the surface area 122 

fraction covered by particles Af and the equivalent diameter Deq (diameter of the disc with the same surface 123 

as the particle S, i.e. ��� = �4� �⁄ ). 6-8 SEM images were analysed for each orientation of ferrite grains 124 

annealed at the same temperature. The mean value and standard deviation of all these measurements were 125 

plotted on the graphs. 126 

The samples were also observed by an Atomic Force Microscope (AFM Bruker Nanoscope 5.0) to obtain 127 

the geometry of the oxides in three dimensions. The AFM images were taken using the tapping mode with 128 
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PtSi-FM-20 tips (Multimode 8.0 Bruker) on several grains with the same grain orientation (2 to 4) of one or 129 

two samples which underwent the same annealing treatment. 3-4 AFM images were then processed with the 130 

NanoScopeAnalysis software. By defining the appropriate range of particle diameter, height and surface area, 131 

the oxide particles on the alloy surface were automatically recognized and the maximum height H of each 132 

particle (from the arithmetical mean of the heights over the entire surface analysed (9 or 25 µm2) to the 133 

highest point of the oxide particle) was measured by the software. Since the oxides are partly below the 134 

ferrite surface, the height measured by this protocol underestimates the particle height, but nevertheless 135 

allows comparison of the maximum oxide heights for Fe{100} and Fe{111}. However, the particles on 136 

Fe{110} are completely below the ferrite surface and the oxides cannot be detected with the same protocol. 137 

In this case, a line has been drawn with the NanoScopeAnalysis software that cuts the particles. The height 138 

profile thus obtained makes it possible to measure the height H between the lower and the upper surface of 139 

each oxide. The mean value and standard deviation of the maximum heights for all measured images were 140 

plotted on the graphs. 141 

The FIB-SEM microscope was used to prepare thin TEM samples in ferrite grains of different orientations. 142 

One TEM sample was prepared using FIB in Fe{100}, Fe{110} and Fe{111} grains annealed at 700 °C 143 

during heating and at 800 °C for 60 and 120 s during isothermal holding to observe the nucleation and oxide 144 

shape. TEM samples were also prepared using FIB in Fe{110} grains annealed at 800 °C during heating and 145 

for 300 s during holding, and in Fe{111} grains annealed at 800 °C for 180 s to observe the internal 146 

oxidation. Prior to extraction, a 2 µm Pt protective layer was deposited on the sample surface of the target 147 

milling area to prevent damage during the sample preparation. The size of the TEM samples was 15 µm × 5 148 

µm and their thickness was 80-100 nm. The TEM samples were then observed using a Probe Cs Corrected 149 

Scanning / Transmission Electron Microscope (TEM/STEM-FEI Titan3 G2 60-300). The oxides’ 150 

composition was analysed by Energy Dispersive Spectroscopy (4-detector Super-X EDS) in the STEM mode. 151 

The EDS spectra were processed quantitatively with the ESPRIT (Brucker) software using the Cliff-Lorimer 152 

method, which is suitable for quantitative analysis on thin samples. 153 

 154 

3. Results 155 

    Theoretical calculations [8,20,31] and experimental works [9,11,20,21-25] have demonstrated that 156 

selective external oxidation occurs and that the oxide particles formed on the alloy surface are composed of 157 

MnO under the annealing conditions used in this work. The nucleation (section 3.1) and growth (section 3.2) 158 

of the oxide particles on the alloy surface during annealing will be described below. 159 

3.1 Oxide nucleation 160 

3.1.1 Recrystallization of the ferrite surface 161 
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Before the short annealing, all samples were annealed at 950 °C for 60 min to obtain a fully recrystallized 162 

microstructure. The subsequent mechanical polishing introduces new defects and stresses on the alloy 163 

surface. The restructuration of the damaged ferrite surface occurs during the heating stage of the short 164 

annealing.  165 

Fig. 2 shows the EBSD maps obtained on samples annealed at 680 and 700 °C during heating and at 800 166 

°C for 60 s during isothermal holding without any further surface preparation. The ferrite surface was not 167 

completely recrystallized at 680 °C (many points not measured by EBSD). The ferrite grains are clearly 168 

visible from 700 °C, which means that the ferrite surface is well recrystallized. 169 

The ferrite grain size does not change during short annealing (Fig. 2). The mean value of the equivalent 170 

diameter of the ferrite grains is constant and equal to 73 ± 39 µm. This measurement was compared to the 171 

ferrite grain size before short annealing, measured on EBSD maps (not shown here). These EBSD cards were 172 

made on a mechanical- and mirror- polished sample (details in section 2.1) and then polished by vibration 173 

with a SiO2 suspension for 5 h to remove the damaged surface. The ferrite is well recrystallized after the 174 

initial long annealing and the equivalent grain diameter is 83 ± 44 µm. This diameter is similar to the 175 

diameter measured on the short-annealed samples, where only the extreme surface restructures. 176 

3.1.2 Oxide nucleation temperature range 177 

The oxide particles appear at 650 °C, mainly within the grain boundaries (indicated by the white arrows in 178 

Fig. 3(a)). Oxides could not be observed at this temperature in the grains using SEM and AFM. The oxide 179 

nucleation is therefore favoured at the grain boundaries, which are diffusion short-circuits. As the sample 180 

surface is not yet completely recrystallized (Fig. 2(a)), many defects or sub-grain boundaries and polishing 181 

lines are observed, which are preferential locations for nucleation. Defects in the ferrite surface and 182 

subsurface probably promote nucleation of oxide particles. The interaction between recrystallization and 183 

selective oxidation has not been further investigated here. 184 

Nucleation of very small oxide particles starts at 680 °C on some ferrite grains only (Fig. 3(b)). This result 185 

shows that nucleation does not occur simultaneously on all grains and depends on the orientation of the 186 

ferrite grains on which they are formed. Their equivalent diameter is 21 ± 6 nm. The starting temperature of 187 

nucleation in the ferrite grains, between 650 and 680 °C, cannot be determined more precisely due to the 188 

resolution limit of the devices used. 189 

The oxide particles are visible on all grains by SEM at 700 °C (section 3.1.3). Under the operating 190 

conditions used here, the oxide nucleation occurs first at the grain boundaries and then in the grains between 191 

650 and 700 °C. Using Becker-Döring nucleation theory [32,33], the critical radius of the MnO nuclei 192 

formed under our annealing conditions was estimated to be less than 1 nm [24]. Such small nuclei are not 193 
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visible at SEM and probably not at AFM at low temperature due to defects on the ferrite surface. The 194 

nucleation temperature range may be overestimated. 195 

In the following, we will focus on the effect of ferrite grain orientation on the nucleation and growth of the 196 

oxides. Three typical grain orientations have been chosen, namely Fe{100}, Fe{110} and Fe{111}. 197 

3.1.3 Influence of ferrite grain orientation on oxide nucleation 198 

The small size of the oxides formed and the surface defects of ferrite due to mechanical polishing do not 199 

allow good quality SEM and AFM images to be obtained at annealing temperatures below 680 °C (sections 200 

3.1.1 and 3.1.2). The annealing temperature considered for the study of the influence of ferrite grain 201 

orientation on oxide nucleation will therefore be 700 °C. 202 

Numerous round or elongated black spots a few tens of nanometers in size are present on Fe{100} and 203 

Fe{110} at an annealing temperature of 700 °C (Figs. 4(a) and (b)). Very small white spots a few tens of 204 

nanometers in size appear on Fe{111} (Fig. 4(c)). 205 

AFM was used to accurately measure the particle equivalent diameter on Fe{100}, Fe{110} and Fe{111} 206 

of samples annealed at 700 °C (Fig. 5). White spots with a diameter of 35 ± 11 nm can be observed on 207 

Fe{100} (Fig. 5(a)). The particles present on Fe{111} have a mean equivalent diameter of 60 ± 18 nm (Fig. 208 

5(c)) and the largest particles are observed on Fe{110} with an equivalent diameter of 88 ± 13 nm (Fig. 5(b)). 209 

All particles are larger than the nascent nuclei (size less than 1 nm [24, 32,33]), which means that they have 210 

already grown for some time. It can therefore be concluded that particles are present on the surface of all 211 

alloy grains after annealing at 700 °C and that nucleation occurs at a temperature below 700 °C, first on 212 

Fe{110} and then on Fe{111} and Fe{100} (assuming that the particle size is mainly dependent on growth 213 

time, regardless of the orientation of the ferrite grain). The maximum height difference between the oxide 214 

particles and the ferrite substrate is 13, 15 and 68 nm on Fe{100}, Fe{110} and Fe{111} respectively. The 215 

higher oxides relative to the alloy surface give a local electron charging effect so that the oxide particles on 216 

Fe{111} appear white on the SEM images (Fig. 4). 217 

To determine the chemical nature of the oxide particles formed at 700 °C, a quantitative STEM / EDX 218 

analysis was performed on the FIB prepared samples in Fe{100}, Fe{110} and Fe{111}. The EDX maps of 219 

O in red, Mn in green and Fe in blue are shown with their superposition for the three orientations (Fig. 6). 220 

A round particle with a diameter of 20 nm is partially embedded in the surface of Fe{100} (Fig. 6(a)). Its 221 

quantitative composition is 47.6 at. % Mn, 45.0 at. % O and 7.4 at. % Fe. Mn and O are present in the same 222 

atomic proportion. A flat particle about 220 nm long can be observed on Fe{110} (Fig. 6(b)) and two round 223 

particles about 65 nm long on Fe {111} (Fig. 6(c)). Quantitative analysis shows that all these particles (4 to 6 224 

particles per orientation) contain mainly Mn and O in the same atomic proportions and iron in a smaller 225 

proportion (from 10 to 25 at. %). These cross-section observations also show that the oxidation is external. 226 
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All three grains are covered with a layer of native iron oxides (which forms after annealing when the sample 227 

is brought into contact with air). 228 

According to the EDX analysis, the particles can be composed of MnO or a MnO-FeO solution. However, 229 

as the thickness of the TEM sample is about 100 nm, which is larger than the size of the oxide particles, the 230 

low Fe content is probably due to the contribution of the underlying ferrite. The oxides are therefore 231 

probably be composed of MnO only. This is consistent with the thermodynamic calculations (section 4.1). 232 

To confirm this, the oxides should be extracted on a C replica to perform the analysis without the possible 233 

artefact due to the presence of the substrate.  234 

3.2 Oxide growth 235 

The growth of oxide particles on Fe{100}, Fe{110} and Fe{111} was studied for annealing at 750, 770, 236 

800 °C during heating and at 800 °C for 30, 60, 120, 180, 240 and 300 s during isothermal holding. The 237 

chemical composition of the oxide particles is given in section 3.2.1. The main geometrical parameters 238 

obtained are described in section 3.2.2. Particular emphasis is placed on the second growth which occurs 239 

after 180 s at 800 °C in section 3.2.3. 240 

3.2.1 Chemical composition 241 

STEM/EDX analyses of O in red, Mn in green and Fe in blue are presented with their superposition for 242 

the three orientations, after annealing at 800 °C for 60 s (Fig. 7) and 120 s (Fig. 8). In all cases, oxide 243 

particles are mainly formed on the surface of the annealed samples (external oxides). Smaller oxides are also 244 

occasionally present below the surface (internal oxides).  245 

The external particles are rich in Mn and O. Quantitative analysis shows that Mn and O are present in the 246 

same atomic proportions in most external oxides (36 out of 43), meaning that they are MnO oxides. Fe is 247 

also detected in these oxides, probably due to the contribution of the underlying ferrite grain. For some 248 

external oxides (7 out of 43), the atomic ratio of Mn and O is about 3:2. However, Mn3O2 is not a 249 

thermodynamically stable phase [34-37] and should not exist under our conditions. The most likely 250 

hypothesis is that there is a small excess of Mn in ferrite at these locations.  251 

O, Mn and Fe (at more than 70 at. %) are detected in internal oxides by EDX analyses. The presence of Fe 252 

is mainly due to the contribution of ferrite. These internal oxides are formed occasionally and their 253 

composition, shape and quantity are not dependent on ferrite grain orientation. During long-term annealing at 254 

800 °C, oxygen atoms penetrate into the alloy and cause a slight internal oxidation of Mn. However, the 255 

amount of internal oxides is very low. Under the annealing conditions studied in this work, the selective 256 

oxidation of Mn is mainly external. 257 

 258 

 259 
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3.2.2 Geometrical parameters of oxide particles 260 

All samples were observed by SEM to determine the surface density noxides, the equivalent diameter Deq 261 

and the surface coverage fraction Af of the oxides as a function of ferrite grain orientation and annealing time 262 

(3.2.2.1). The three-dimensional shape of the oxide particles and their mean maximum height H were 263 

determined using AFM (3.2.2.2). These geometrical parameters are summarized in Fig. 10 and the detailed 264 

data are presented in Supplementary Material A. 265 

3.2.2.1 Geometrical parameters of oxides 266 

The Fe-Mn alloy surfaces were first observed by SEM after annealing at 750 and 800 °C during heating 267 

and at 800 °C for 60, 120, 180, 240 and 300 s during isothermal holding (Fig. 9). The ferrite surfaces present 268 

facetted steps at all temperatures and oxides are formed on these facetted steps. On samples annealed at 750 269 

°C (Fig. 9(a-c)), the oxides are facetted crystals whose shape depends on the ferrite grain orientation: cubes 270 

or square pyramids on Fe{100}, assemblies of triangular prisms or pyramids on Fe{110} and polygonal 271 

prisms or pyramids on Fe{111}. When annealing continues, the oxide particles on Fe{100} remain as larger 272 

and larger cubes or square pyramids (first column in Fig. 9). The oxide particles on Fe{110} change from 273 

single to multiple overlapping triangular prisms or pyramids and then to very elongated particles probably 274 

polycrystalline (middle column in Fig. 9). The oxide particles on Fe{111} remain polygonal prisms or 275 

pyramids and increase in size. For holding time at 800 °C of 180 s (Fig. 9(m-o)), 240 (Fig. 9(p-r)) and 300 s 276 

(Fig. 9(s-u)), very small oxide particles appear between the large particles on all three ferrite grain 277 

orientations. 278 

The characteristic geometrical parameters of the oxides obtained by image analysis are plotted as a 279 

function of the annealing step (temperature-time) for the three ferrite grain orientations in Fig. 10. The 280 

surface density of oxides noxides is the highest and the mean equivalent diameter Deq is the lowest on Fe{100}. 281 

The lowest noxides and the largest Deq are obtained on Fe{110}, and these parameters are intermediate on 282 

Fe{111}. The surface area fraction covered by oxides Af is in the following increasing order: Fe{111} < 283 

Fe{100} < Fe{110}. As the annealing temperature or the annealing time increases, the surface area fraction 284 

covered by oxides on the three grain orientations increases (Fig. 10(c)). For a holding time of less than 120 s, 285 

noxides remains almost constant (Fig. 10(a)) and Deq increases (Fig. 10(b)) for the three grain orientations. For 286 

a holding time longer than 120 s, noxides increases and Deq decreases. The reason for this sudden change in 287 

oxidation behaviour is due to the growth of new small crystals (section 3.2.3). In order to highlight the 288 

formation of small crystals at the end of annealing, the distribution profiles of Deq during growth are given in 289 

Supplementary Material B. 290 

3.2.2.2 Three-dimensional shape of oxides 291 

The three-dimensional shapes of the oxide particles were measured by AFM for Fe{100}, Fe{110} and 292 

Fe{111} under all annealing conditions (Fig. 11). The complexity of the oxides’ shape is highlighted by the 293 
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colour contrast, corresponding to the height scale. To obtain a clearer idea of the shape, the height of some 294 

oxide particles has been plotted according to their lateral dimension using the same scale on the abscissa and 295 

ordinate (Fig. 12). The selected oxides are marked by red, green and blue lines on Fe{100}, Fe{110} and 296 

Fe{111} respectively in Fig. 11. For each orientation and holding time at 800 °C, the selected oxides are 297 

representative of the population of oxides present. 298 

On Fe{100} (left column), the oxide particles have the smallest lateral dimension and appear as cuboids 299 

slightly raised above the alloy surface. On Fe{110} (middle column), the oxide particles are flat cuboids of 300 

very large lateral dimension, with the upper surface remaining more or less at the same height as the sample 301 

surface. On Fe{111}, the oxide particles are above the alloy surface. They have a shape of polygonal 302 

pyramids, the maximum height of which is about a quarter of the lateral dimension. 303 

As oxides can grow below the alloy surface, we also observed oxide particle cross-sections by STEM (Fig. 304 

13). The oxides in side view are diamond-shape on Fe{100} and Fe{111}. They lie within the facets formed 305 

on the ferrite surface. On Fe{110}, the oxides in side view appear as elongated parallelograms, which are 306 

contained in depressions in the alloy surface and the ferrite / oxide interface remains flat. 307 

The maximum height H of each oxide, determined by AFM, is the distance between the highest point of 308 

the oxide and the arithmetical mean of the heights over the entire surface analysed (5×5 or 3×3 µm2) for 309 

Fe{100} and Fe{111} and the distance between the lower and upper surfaces of the oxide on Fe{110} 310 

(section 2.2). The mean maximum height H is plotted as a function of annealing temperature and time for 311 

each ferrite grain orientation in Fig. 10(d). The maximum oxide height is also measured on the FIB cross-312 

sections of the samples using STEM images (H', Fig. 13). H’ is plotted in Fig. 10(d) with diamonds for 313 

comparison with H measured by AFM. H’ is always higher than H, probably due to the uncertainty of the 314 

AFM calculation which consists in using the arithmetical mean of the heights over a large surface area. H’ is 315 

a more local measurement. For oxides on Fe{110}, both H and H’ measure the distance between the lower 316 

and the upper surfaces of the oxide. However, the oxides are very thin and their thickness can be 317 

overestimated when measured with STEM images. In conclusion, AFM and STEM give the same trends on 318 

the influence of ferrite grain orientation on oxide height. For the STEM, the number of observed oxides is 319 

too low to obtain a mean oxide height and an uncertainty on this height. For this reason, AFM is preferred 320 

for our study because this technique allows a more statistical analysis of oxide heights. 321 

The mean maximum oxide height increases during heating and during holding at 800 °C for up to 120 s 322 

and then decreases with the growth of the small particles mentioned above (Fig. 10(d)). This second growth 323 

is detected earlier by AFM (120 s instead of 180 s) because this technique has a better resolution than SEM. 324 

The mean maximum oxide height is always greater and increases more rapidly on Fe{111} than on the other 325 

two orientations. 326 



11 

 

In conclusion, the oxides on Fe{110} preferentially grow laterally and the oxides on Fe{100} and Fe{111} 327 

grow in both horizontal and vertical directions. Many small particles are visible on the surface of the samples 328 

annealed at 800 °C for 120 to 300 s (Fig. 11). The second growth phase will be discussed in the next section. 329 

3.2.3 Second growth 330 

The mean equivalent diameter of the oxides shows a sudden decrease and their surface density a sudden 331 

increase when the samples are annealed at 800 °C for 180 s (Figs. 10(a) and (b)), which is due to the growth 332 

of new crystals. To better understand the growth mechanisms at 800 °C, the annealed samples were observed 333 

using SEM at a lower magnification than in Fig. 11 (Fig. 14). The corresponding small particle size 334 

distribution profiles are summarized in Supplementary Material C.  335 

Numerous white spots a few nanometers in size are present on Fe{100}, Fe{110} and Fe{111} after 336 

annealing at 800 °C for 180 s (Figs. 14(m-o)). They were not visible for shorter annealing time (Figs. 14(a-l)) 337 

and 9(d-l)). After annealing at 800 °C for 240 and 300 s, many small particles are present on the samples 338 

(Figs. 14(p-u)), which is probably due to the growth of these white spots. The presence of the new very small 339 

particles leads to an increase in surface density and a decrease in the mean equivalent diameter of the oxide 340 

particles (Figs. 10 (a) and (b)). This analysis is confirmed by the particle size distributions (Supplementary 341 

Material C) which show that the relative frequency of very small particles (0-20 nm for Fe(100), 0-50 nm for 342 

Fe{110} and Fe{111}) first decreases (from 0 to 180 s), then increases when the samples are annealed at 800 343 

°C for 180 to 300 s.  344 

For samples annealed at 800 °C for 0 to 120 s, there are also very small particles present on the surface, 345 

especially on Fe{110} (Fig. 14). The influence of these small particles is negligible on the overall growth 346 

behaviour of big particles (Fig. 10). 347 

In summary, the selective external oxidation of Fe-Mn (1 wt. %) alloys annealed at 800 °C in N2-H2 (5 348 

vol. %) with a dew point of -40 °C can be divided into three main steps: (i) nucleation of the oxide particles; 349 

(ii) growth of some nuclei and coalescence into larger particles when the oxides meet (mainly on Fe{110}) 350 

and (iii) second growth of other nuclei. These different growth stages and the associated external selective 351 

oxidation mechanisms will be discussed in section 4. 352 

 353 

4. Discussion 354 

4.1 Thermodynamic stability of iron and manganese oxides  355 

The possible reactions between iron (Fe) and its oxides (Fe�O�) in the annealing atmosphere of N2 – 5 356 

vol. % H2 are given by: 357 

x Fe(s) + z H�O(g) ↔ Fe�O�(s) + z H�(g)                                    (R-1) 358 
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The Gibbs free energy associated with the reaction (R-1) at constant temperature and pressure can be 359 

expressed as [38]: 360 

∆����� = ∆�����° + !" ln %&'()*+
&'()

,-.
+

,-.*+/                                   Eq. (1) 361 

where ∆�����°  is the standard Gibbs free energy of reaction (R-1), 01�)2+ and 01� are the activities of Fe�O� 362 

and Fe,  34. and 34.2 are the partial pressures of H2 and H2O, R is the ideal gas constant (8.314 J⋅mol-1⋅K-1) 363 

and T is the temperature. As a first approximation, the oxides formed can be considered pure, i.e., 01�)2+ = 1. 364 

As Fe is the main element of the Fe-Mn alloy under study (99.00 wt. %), its activity is assumed to be given 365 

by Raoult’s law: 366 

01� = 61� ≈ 1                                                            Eq. (2) 367 

The value of ∆�����°  can be taken from FactSage 7.2 (http://www.factsage.com/). The hydrogen partial 368 

pressure used in this work is 5066 Pa. The partial pressure of water corresponding to a dew point of -40 °C is 369 

19 Pa [39]. 370 

With all the equations and values given above, the thermodynamic stability of iron oxides, i.e. Fe0.95O, 371 

Fe2O3 and Fe3O4 can be determined as a function of annealing temperature. The Gibbs free energy of the 372 

reaction (R-1) is greater than zero for all iron oxides when the temperature is above than 175 °C. The native 373 

iron oxides are therefore completely reduced under the annealing conditions used in this work and the 374 

metallic iron is stable for temperatures above 175 °C.  375 

In a second step, we compare the stability of the different Mn oxides (Mn2O3, Mn3O4, MnO and MnO2) 376 

under the annealing conditions used here. The Gibbs free energy ∆����� for the transformation of MnO into 377 

the other oxides (R-2) can be calculated as follows: 378 

MnO(s) + ���
�� O�(g) = �

� Mn�O�(s)                                         (R-2) 379 

∆����� = ∆�����° + !" ln 9&:;)*+<= )>

&:;*∙9,*.<
(+@)) .)>                                Eq. (3) 380 

Assuming that MnO and Mn�O� are pure, their activities are equal to 1. The oxygen partial pressure in atm 381 

(Eqs. 3 and 4) is related to the partial pressure of water vapor and temperature [28]: 382 

log 32. = 6 − �D�ED
F + 2 log %,-.*

,-.
/                                       Eq. (4) 383 

Using Eqs. (3) and (4), it is found that the value of ∆����� is always well above zero when the temperature 384 

rises from 20 to 800 °C, which means that MnO is the most stable Mn oxide under the annealing conditions 385 

studied in this work. 386 
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In conclusion, the iron oxides are reduced and Mn is oxidized to MnO under the annealing conditions used 387 

in this work. 388 

4.2 Mechanisms of Mn selective oxidation 389 

4.2.1 Oxidation mechanisms of manganese 390 

When the Fe-Mn alloy is brought into contact with the annealing atmosphere, water vapour is adsorbed 391 

and dissociated on the alloy surface as follows [40-44]: 392 

H2O(g) → H2O(ad) → OH(ad) + H(ad) → O(ad) + H2(g) → O(dis)                 (R-3) 393 

In the last step of the reaction scheme (R-3), the adsorbed oxygen atom dissolves in the ferrite surface. The O 394 

weight fraction dissolved in ferrite in equilibrium with N2 - 5 vol. % H2 at the dew point of -40 °C is 395 

calculated in ppm with [28]: 396 

log H2
��IJ = 4 − KDLM

F + log %,-.*
,-.

/                                         Eq. (5) 397 

MnO oxides precipitate if: 398 

HNO ∙ H2 ≥ QNO2                                                          Eq. (6) 399 

with the solubility product of MnO expressed in ppm2 given by Huin et al. [28]: 400 

log QNO2 = 10.95 − �MVKM
F                                                  Eq. (7) 401 

The nucleation of MnO particles occurs between 650 and 700 °C according to our observations (section 402 

3.1.2). Assuming that the Fe-Mn alloy is in equilibrium with the gas atmosphere at 650°C, the O weight 403 

fraction dissolved in the alloy at its surface is 0.0038 ppm (Eq. (5)). The corresponding weight fraction of 404 

Mn required for the formation of MnO is 44 ppm, namely 0.0044 wt. % (Eq. (7)). Consequently, the alloy, 405 

which contains 1 wt. % Mn, is supersaturated at its surface with dissolved oxygen and manganese. This 406 

supersaturation leads to the nucleation / growth of MnO at the alloy surface. The solid diffusion of Mn 407 

towards the alloy surface then allows the growth of MnO particles. 408 

4.2.2 Selective external oxidation 409 

The operating conditions of the annealing process cause Mn selective oxidation (section 4.2.1). This 410 

selective oxidation can be internal or external. Wagner proposed a robust model for the selective oxidation of 411 

binary alloys in a low oxygen atmosphere [45,46]. Using Wagner’s model, one can calculate the critical Mn 412 

mole fraction for the transition from internal to external oxidation: 413 

6NOW�JX = %Y∙Z∗∙\*
]^_`∙a*∙bcddef

�∙a:;∙b:;*
/

M.g
                                       Eq. (8) 414 
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where h∗ is the critical volume fraction of the internal oxide equal to 0.3 [47,48], 62
iI�j is the oxygen mole 415 

fraction at the alloy surface related to H2
��IJ  (1.4×10-6 wt. % at 800 °C), �2  and �NO  are the diffusion 416 

coefficients of Mn and O in ferrite (8.02×10-12 and 9.09×10-16 m2
‧s-1 at 800 °C [28]), and k&llmn and kNO2 are 417 

the molar volumes of the binary alloy and MnO respectively (7.22×10-6 and 1.33×10-5 m3
‧mol-1 [49]). For 418 

annealing at 800 °C, 6NOW�JX is evaluated at 0.01, which is equal to the composition of the binary alloy studied 419 

here. The selective oxidation of Mn must therefore be mainly external according to this calculation. Our 420 

experiments have confirmed this (Figs. 7 and 8). 421 

    Although the selective oxidation of MnO is mainly external, the inward diffusion of oxygen cannot be 422 

completely stopped and some very small manganese oxides may form below the alloy surface during an 423 

annealing time of more than 60 s (Fig. 7).  424 

4.3 Influence of ferrite grain orientation 425 

4.3.1 Ferrite surface facets 426 

For a solid crystal, the surface energy depends on the crystallographic plane considered. A 427 

macroscopically flat surface is unstable if the total surface energy decreases when a hill-and-valley structure, 428 

consisting of macroscopic surfaces of different orientations, is formed [50]. As the annealing temperature 429 

rises, the alloy surface becomes highly facetted with numerous steps visible from 700 °C (Figs. 4 and 5). 430 

This means that the crystallographic planes Fe{100}, Fe{110} and Fe{111} are not stable at high 431 

temperature in N2 - 5 vol. % H2 with a dew point of -40 °C. 432 

We found no published studies dealing with faceting of the vicinal surfaces of Fe at high temperature. 433 

More generally, studies on body centered cubic systems are few and mainly concern Mo and W [51-53]. The 434 

adsorption of oxygen atoms can make a vicinal surface unstable and cause faceting [51-54]. In the system we 435 

are studying, in addition to oxygen adsorption, MnO particles grow together with Fe facets MnO particles 436 

form on facets and steps (Figs. 9(n) and (q)). The interaction between MnO and the Fe surface is thus very 437 

complex. Determining the orientations of the planes that delimit the facets requires specific experiments (e.g. 438 

using the TEM) and is beyond the scope of our study. 439 

4.3.2 Nucleation of MnO particles 440 

The MnO oxides clearly nucleate at the edges and kinks of the Fe steps (Figs. 4 and 5). The manganese 441 

atoms present there have a lower coordination than those on the terraces and constitute preferential 442 

nucleation sites for MnO [51]. Nucleation occurs on the steps when sufficient oxygen and manganese atoms 443 

are present in the same place by diffusion of adatoms along the steps. 444 

Annealing experiments at 700 °C show that the oxide particles nucleate first on Fe{110}, then on Fe{111} 445 

and Fe{100} (section 3.1.3). MnO nucleation is favoured on Fe{110} because the surface energy between 446 

MnO and Fe{110} is probably lower than that between MnO and other ferrite grain orientations. These 447 
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surface energies are not known but can be compared using the DFT (Density Functional Theory) evaluation 448 

of the surface energy for Fe{100} and Fe{110} planes, respectively 2.29 and 2.27 J/m2 [55]. Both are of the 449 

same order of magnitude. SinceThis can be inferred from the small contact angle andthe elongated shape of 450 

the MnO particles on Fe{110} are more elongated than on Fe{100} (Figs. 6, 7, 8 and 13), it can be deduced 451 

that the surface energy between MnO and Fe{100} is higher than between MnO and Fe{110}. Based on the 452 

shape of the MnO particles, the same conclusion can be drawn for Fe{111}, although in this case the surface 453 

energy is slightly different, i.e. 2.5 J/m2 [55]. Fe{110} is the ferrite grain orientation that is best wetted by 454 

MnO. 455 

This is confirmed using Becker-Döring nucleation theory [32,33] to calculate the heterogeneous 456 

nucleation rate of MnO oxides:  457 

o = pqr∗sexp u�∆v∗
wxF y                                                  Eq. (9) 458 

where pq is the number of sites where an embryo can form per unit area, r∗ the growth rate of a critical 459 

nucleus, s the Zeldovich factor, ∆�∗ the Gibbs free energy of formation of a spherical cap-shaped MnO 460 

embryo with critical radius z∗, {| the Boltzmann constant and " the temperature. L. Gong et al. [24] gave a 461 

detailed description of the nucleation parameters of the MnO oxides on the Fe-Mn alloy surface. s, r∗ and 462 

∆�∗ are functions of the contact angle θ between MnO and ferrite. For the calculation of the nucleation rate, 463 

only pq and θ depend on the orientation of the ferrite grains. 464 

The effective apparent contact angle θapp between the ferrite surface and the tangent to the particle at the 465 

triple line is measured from the cross-sections of the oxide particles (Fig. 13). The mean value of θapp is 63º ± 466 

15º, 14º ± 6º and 51º ± 9º for Fe{100}, Fe{110} and Fe{111} respectively. It is very important to be aware 467 

that the apparent contact angle is influenced by the anisotropic crystal shape in solid wetting and is not as 468 

simply described by the Young’s equation as in liquid wetting [56]. Despite this remark, the apparent contact 469 

angle θapp is taken for the contact angle θ of the assumed hemispherical nuclei in the calculation here. 470 

    pq is equal to 
\:;

]^_`

&. , 
√�\:;

]^_`

&.  and 
\:;

]^_`

√K&.  on Fe{100}, Fe{110} and Fe{111} respectively. 6NO
iI�j is the molar 471 

fraction of Mn at the alloy surface (supposed to be equal to the molar fraction of Mn in the alloy ~1 mol. %) 472 

and 0 is the lattice parameter of ferrite (= 0.287 nm [57]). The nucleation rates of MnO oxides (Eq. (9)) on 473 

Fe{100}, Fe{110} and Fe{111} at 700 °C are 1.9×109, 1.5×1019 and 5.7×1013 m-2 ‧s-1 respectively. The 474 

nucleation rate is in the order Fe{110} > Fe{111} > Fe{100}, which is in good agreement with the 475 

experiments. 476 

4.3.3 Growth and shape of MnO particles 477 

As the annealing temperature increases, the oxides become larger and their shape depends on the 478 

underlying ferrite grain but does not appear to change much during growth (Fig. 9). 479 
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During the transformation of the system consisting of a particle of MnO resting on a particular orientation 480 

of Fe(hkl), an infinitesimal variation of the total Gibbs free energy is written: 481 

~� = k~� − �~" + ∑ �J~�J + ∑ ��~��                                 Eq. (10) 482 

where k , �, � and "  are the volume, pressure, entropy and temperature of the system, �J  and �J  are the 483 

chemical potential and the number of moles of i (i = Mn and O) in the system, �� and �� are the surface 484 

energy and surface area of each side j of the faceted MnO particle. Strictly speaking, the calculation of ~� 485 

must also take into account the deformation of the material and the surface and interface stresses [58], which 486 

are neglected in a first approximation [59]. In general, the crystal shape is studied at constant temperature, 487 

pressure and mole number so that the equilibrium crystal shape corresponds to the minimization of ∑ ��~�� 488 

[56,59]. In our case, the annealing is non-isothermal and the number of moles increases as the particles are 489 

growing. Since the crystal shape does not change during the non-isothermal annealing, this means that the 490 

influence of temperature is negligible, especially on the variation of ��. MnO crystals are thought to reach 491 

their equilibrium crystal shape at temperatures above 700 °C, corresponding to the minimization of ∑ ��~�� 492 

(probably the predominant term in ~�). Growth, represented by the term ∑ �J~�J, does not lead to a change 493 

in shape either. 494 

For a faceted MnO particle, each facet is a crystallographic plane with a particular orientation. ∑ ��~�� 495 

includes the surface and interface energy of all facets constituting the MnO particle: (i) the MnO surface 496 

energy for different crystallographic planes �NO29������<  with ������  the normal to facet � , (ii) the MnO/Fe 497 

interfacial energy �NO2/1�9������< for different crystallographic planes since the particles rest in Fe kinks (Figs. 498 

7 and 8) and (iii) the Fe surface energy �1�9������< which depends on the orientation of the ferrite grain at the 499 

triple line of the MnO particle. 500 

If the MnO particle under consideration were equilibrated in the gas atmosphere, without contact with iron, 501 

it would reach its equilibrium crystal shape or Wulff shape composed of the most stable crystallographic 502 

planes, i.e. those with the lowest �NO29������< surface energy. When the MnO particle rests on iron, its Wulff 503 

shape is equilibrated on a solid substrate of a dissimilar material and the MnO/Fe(hkl) interfacial energies are 504 

involved (Winterbottom analysis described in Refs. [56,59]). The surface energy of iron crystallographic 505 

planes depends on their orientation (e.g., 2.29, 2.27 and 2.5 J/m2 for Fe{100}, Fe{110} and Fe{111} [55]). 506 

Although the �NO2/1�9������< interfacial energies are not known, it is thought that they also depend on the Fe 507 

orientation. The orientation of the Wulff shape with respect to the iron plane will therefore probably depend 508 

on the Fe orientation, giving rise to the different apparent shapes of MnO oxides on Fe{100}, Fe{110} and 509 

Fe{111}. 510 

The next step of this part of the study would be the determination of the crystal facet orientations, but this 511 

requires specific experiments (using TEM and EBSD [60-64]) and is beyond the scope of this study. 512 
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As already mentioned in the nucleation part (section 4.3.2), the interface energy between MnO and Fe{110} 513 

is lower than that between MnO and other ferrite grain orientations. This difference explains why MnO 514 

particles prefer to grow in both the horizontal and vertical directions on Fe{100} and Fe{111} and extend 515 

laterally on Fe{110}. 516 

4.4 Very small particles 517 

As indicated in section 3.2.3, the mean equivalent diameter of the oxides shows a sudden decrease and 518 

their surface density a sudden increase when the samples are annealed at 800 °C for 180 s (Figs. 10(a) and 519 

(b)). This has been attributed to the growth of new crystals, which are visible on the alloy surface between 520 

the large oxide particles (Fig. 14). We propose the following mechanism to explain this second growth. 521 

When the annealing temperature rises to 700 °C, MnO nuclei are formed on the alloy surface. Only part of 522 

the nuclei grow with increasing temperature, perhaps because they are located in the vicinity of defects 523 

(dislocations, sub-grain boundaries, ferrite kinks or edges), which favour high diffusion of Mn [65]. These 524 

first oxide particles grow competitively [66]. The other part of the nuclei do not grow but remain present 525 

among the large ones. 526 

Oxide growth requires that the manganese atoms diffuse from the alloy bulk to the surface and then 527 

diffuse through the oxide particles (if the oxidation front is on the outer surface of the oxides). As the particle 528 

size increases, the diffusion of manganese into the oxides takes more time. In addition, manganese becomes 529 

depleted around these oxide particles. These phenomena explain a slowing down of the large particles 530 

growth, which may facilitate the growth of the other nuclei present. The result is the presence of many very 531 

small particles that become visibly by means of the SEM on the alloy surface when annealed at 800 °C for 532 

more than 180 s. Further studies at the atomic level are needed to better understand this second growth. 533 

 534 

5. Conclusions 535 

The nucleation and growth of oxide particles on binary Fe-Mn (1 wt. %) alloys were studied during an 536 

annealing process representative of industrial continuous annealing (800 °C, N2-H2 (5 vol. %), -40 °C dew 537 

point). Complementary techniques were used to characterize the oxide particles on the alloy surface: EBSD 538 

maps were measured to determine the ferrite grain orientation; a scanning electron microscope and an atomic 539 

force microscope were used to determine the geometrical characteristics of the oxide particles and EDS 540 

analysis were performed on thin FIB foils to determine the chemical nature of particles. 541 

Under the operating conditions studied, the Mn selective oxidation is mainly external, i.e. MnO particles 542 

are formed on the alloy surface. Oxides first appear at the grain and sub-grain boundaries on the samples 543 

annealed at 650 °C during heating. As the annealing temperature rises, the MnO oxides nucleate successively 544 

on Fe{110}, Fe{111} and Fe{100}. When annealed at 750 and 800 °C during heating and at 800 °C for 30 to 545 
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120 s during isothermal holding, the surface density of oxides remains constant and the mean equivalent 546 

diameter and maximum height increase continuously. During this time, the oxides have different shapes from 547 

one ferrite grain to another: cuboids slightly raised above the alloy surface on Fe{100}, flat cuboids of very 548 

large lateral dimension embedded in the surface of Fe{110} and polygonal pyramids raised above the surface 549 

on Fe{111}. When annealed at 800 °C for 180 s, the surface density of oxides suddenly increases and the 550 

mean equivalent diameter decreases. Many very small particles are present on the alloy surface after 551 

annealing at 800 °C for more than 180 s. More and more very small particles are formed with longer 552 

annealing time. The surface area fraction covered by oxides increases continuously as the annealing time 553 

increases. 554 

The underlying ferrite grain orientations show a significant influence on the nucleation and growth of 555 

MnO oxides. The oxides first nucleate on Fe{110} and have the largest mean equivalent diameter and the 556 

smallest height. The oxides’ surface density on Fe{100} is much higher and their mean equivalent diameter 557 

is much smaller than those on Fe{110} and Fe{111}. The oxides on Fe{111} always have the greatest 558 

height. The oxides extend laterally on Fe{110} and grow in both horizontal and vertical directions on 559 

Fe{100} and Fe{111}. 560 

Reaction mechanisms are proposed in the last part of this work. 561 

  562 
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Fig. 1 Temperature profiles for annealing experiments. The representative profile for continuous industrial 739 

annealing is shown by line 9; The heat treatment is interrupted during heating (lines 1-7) and during holding 740 

(lines 8-13) to study the nucleation and growth of selective oxides. 741 

Fig. 2 EBSD maps obtained on the Fe-Mn alloys annealed at (a) 680 and (b) 700 °C during heating and at (c) 742 

800 °C for 60 s during isothermal holding. The crystallographic planes shown are parallel to the alloy surface. 743 

The ferrite surface was not completely recrystallized at 680 °C and well recrystallized from 700 °C. 744 

Fig. 3 Nucleation of oxide particles on Fe-Mn (1 wt. %) alloy in N2-H2 (5 vol. %), dew point -40 °C. (a) The 745 

oxide particles appear at 650 °C (temperature profile 1 in Fig. 1), mainly within the grain boundaries (white 746 

arrows, SEM). (b) Very small oxide particles appear at 680 °C (temperature profile 2 in Fig. 1) on some 747 

ferrite grains only (AFM). 748 

Fig. 4 SEM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy 749 

annealed at 700 °C in N2-H2 (5 vol. %), dew point -40°C. Numerous oxide particles a few tens of nanometers 750 

in size are present on the three ferrite grain orientations. 751 

Fig. 5 AFM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy 752 

annealed at 700 °C in N2-H2 (5 vol. %), dew point -40 °C. The mean equivalent diameter of the oxide 753 

particles depends on the ferrite grain orientation and increases in the following order of Fe{100} < Fe{111} 754 

< Fe{110}. 755 

Fig. 6 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (l) Fe and (a), (b) and (c) O-Mn-Fe 756 

all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (l) 757 

Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 700 °C in N2-H2 (5 vol.%), dew point -40 °C. All the particles 758 

contain mainly Mn and O in the same atomic proportions. 759 

Fig. 7 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (l) Fe and (a), (b) and (c) O-Mn-Fe 760 

all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (l) 761 

Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 60 s in N2-H2 (5 vol. %), dew point -40 °C. All the 762 

particles contain mainly Mn and O in the same atomic proportions, i.e., 48.9 at. % Mn, 50.6 at. % O and 0.5 763 

at. % Fe (•, Fig. 7(a)), 47.7 at. % Mn, 50.8 at. % O and 1.5 at. % Fe (•, Fig. 7(b)) and 46.7 at. % Mn, 43.2 at. % 764 

O and 0.1 at. % Fe (•, Fig. 7(c)). 765 

Fig. 8 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (l) Fe and (a), (b) and (c) O-Mn-Fe 766 

all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (l) 767 

Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 120 s in N2-H2 (5 vol. %), dew point -40 °C. All 768 

the particles contain mainly Mn and O in the same atomic proportions, i.e. 57.7 at. % Mn, 38.8 at. % O and 769 

3.5 at. % Fe (•, Fig. 8(a)), 51.4 at. % Mn, 48.5 at. % O and 0.1 at. % Fe (•, Fig. 8(b)) and 57.8 at. % Mn, 770 

41.6 at. % O and 0.6 at. % Fe (•, Fig. 8(c)). 771 
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Fig. 9 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right 772 

column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating 773 

and at 800 °C for (g), (h) and (i) 60, (j), (k) and (l) 120, (m), (n) and (o)180, (p), (q) and (r) 240 and (s), (t) 774 

and (u) 300 s during isothermal holding, in N2-H2 (5 vol. %), dew point -40 °C. 775 

Fig. 10 Characteristic geometrical parameters of the oxides formed on Fe{100} (red line), Fe{110} (green 776 

line) and Fe{111} (blue line), namely the surface density noxides (a), the mean equivalent diameter Deq (b), the 777 

surface area fraction covered Af (c) and the maximum height H (d), as a function of the annealing step 778 

(temperature-time) in N2-H2 (5 vol. %), dew point -40 °C. The diamond points in Fig. 10(d) are the values 779 

measured with STEM images on cross-sections of the samples (as in Figs. 7 and 8). 780 

Fig. 11 AFM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right 781 

column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating 782 

and at 800 °C for (g), (h) and (i) 60, (j), (k) and (l) 120, (m), (n) and (o)180, (p), (q) and (r) 240 and (s), (t) 783 

and (u) 300 s during isothermal holding, in N2-H2 (5 vol. %), dew point -40 °C. 784 

Fig. 12 Height (H) as a function of lateral dimension (x) for individual oxide particles on Fe{100}, Fe{110} 785 

and Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a) 60, (b) 180 and (c) 300 s, in N2-H2 (5 786 

vol. %), dew point -40 °C. The selected particles in Fig. 11 are marked by lines of the same colour as in this 787 

figure (red for Fe{100}, green for Fe{110} and blue for Fe{111}). The 0 of the x-axis corresponds to the left 788 

or upper side of the line in Fig. 11. The oxide particles on Fe{100} and Fe{111} are above the level of the 789 

ferrite substrate while they are more or less at the same level for Fe{110}. 790 

Fig. 13 HAADF-STEM images obtained on the TEM samples from (a) and (d) Fe{100}, (b) and (e) Fe{110}, 791 

and (c) and (f) Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a-c) 60 s and (d-f) 120 s in N2-H2 792 

(5 vol. %), dew point -40 °C. The maximum oxide height H’ and the contact angle between ferrite and 793 

particles taken in the analysis are indicated by two parallel lines and the angular sector respectively. 794 

Fig. 14 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right 795 

column) of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a), (b) and (c) 0 and (d), (e) and (f) 30, (g), (h) and 796 

(i) 60, (j), (k) and (l) 120, (m), (n) and (o)180, (p), (q) and (r) 240 and (s), (t) and (u) 300 s during isothermal 797 

holding, in N2-H2 (5 vol. %), dew point -40 °C. 798 

 799 

  800 
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Fig. 1 Temperature profiles for annealing experiments. The representative profile for continuous industrial 801 

annealing is shown by line 9; The heat treatment is interrupted during heating (lines 1-7) and during holding 802 

(lines 8-13) to study the nucleation and growth of selective oxides. 803 

 804 

 805 

Fig. 2 EBSD maps obtained on the Fe-Mn alloys annealed at (a) 680 and (b) 700 °C during heating and at (c) 806 

800 °C for 60 s during isothermal holding. The crystallographic planes shown are parallel to the alloy surface. 807 

The ferrite surface was not completely recrystallized at 680 °C and well recrystallized from 700 °C. 808 

 809 

  810 
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Fig. 3 Nucleation of oxide particles on Fe-Mn (1 wt. %) alloy in N2-H2 (5 vol. %), dew point -40 °C. (a) The 811 

oxide particles appear at 650 °C (temperature profile 1 in Fig. 1), mainly within the grain boundaries (white 812 

arrows, SEM). (b) Very small oxide particles appear at 680 °C (temperature profile 2 in Fig. 1) on some 813 

ferrite grains only (AFM). 814 

 815 

 816 

Fig. 4 SEM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy 817 

annealed at 700 °C in N2-H2 (5 vol. %), dew point -40°C. Numerous oxide particles a few tens of nanometers 818 

in size are present on the three ferrite grain orientations. 819 

 820 

Fig. 5 AFM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy 821 

annealed at 700 °C in N2-H2 (5 vol. %), dew point -40 °C. The mean equivalent diameter of the oxide 822 

particles depends on the ferrite grain orientation and increases in the following order of Fe{100} < Fe{111} 823 

< Fe{110}. 824 

 825 
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Fig. 6 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (l) Fe and (a), (b) and (c) O-Mn-Fe 826 

all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (l) 827 

Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 700 °C in N2-H2 (5 vol. %), dew point -40 °C. All the 828 

particles contain mainly Mn and O in the same atomic proportions. 829 

 830 

  831 
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Fig. 7 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (l) Fe and (a), (b) and (c) O-Mn-Fe 832 

all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (l) 833 

Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 60 s in N2-H2 (5 vol. %), dew point -40 °C. All the 834 

particles contain mainly Mn and O in the same atomic proportions, i.e., 48.9 at. % Mn, 50.6 at. % O and 0.5 835 

at. % Fe (•, Fig. 7(a)), 47.7 at. % Mn, 50.8 at. % O and 1.5 at. % Fe (•, Fig. 7(b)) and 46.7 at. % Mn, 43.2 at. % 836 

O and 0.1 at. % Fe (•, Fig. 7(c)). 837 

 838 
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Fig. 8 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (l) Fe and (a), (b) and (c) O-Mn-Fe 840 

all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (l) 841 

Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 120 s in N2-H2 (5 vol. %), dew point -40 °C. All 842 

the particles contain mainly Mn and O in the same atomic proportions, i.e. 57.7 at. % Mn, 38.8 at. % O and 843 

3.5 at. % Fe (•, Fig. 8(a)), 51.4 at. % Mn, 48.5 at. % O and 0.1 at. % Fe (•, Fig. 8(b)) and 57.8 at. % Mn, 844 

41.6 at. % O and 0.6 at. % Fe (•, Fig. 8(c)). 845 
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Fig. 9 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right 848 

column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating 849 

and at 800 °C for (g), (h) and (i) 60, (j), (k) and (l) 120, (m), (n) and (o)180, (p), (q) and (r) 240 and (s), (t) 850 

and (u) 300 s during isothermal holding, in N2-H2 (5 vol. %), dew point -40 °C. 851 

 852 
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Fig. 10 Characteristic geometrical parameters of the oxides formed on Fe{100} (red line), Fe{110} (green 853 

line) and Fe{111} (blue line), namely the surface density noxides (a), the mean equivalent diameter Deq (b), the 854 

surface area fraction covered Af (c) and the maximum height H (d), as a function of the annealing step 855 

(temperature-time) in N2-H2 (5 vol. %), dew point -40 °C. The diamond points in Fig. 10(d) are the values 856 

measured with STEM images on cross-sections of the samples (as in Figs. 7 and 8). 857 
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Fig. 11 AFM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right 860 

column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating 861 

and at 800 °C for (g), (h) and (i) 60, (j), (k) and (l) 120, (m), (n) and (o)180, (p), (q) and (r) 240 and (s), (t) 862 

and (u) 300 s during isothermal holding, in N2-H2 (5 vol. %), dew point -40 °C. 863 
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Fig. 12 Height (H) as a function of lateral dimension (x) for individual oxide particles on Fe{100}, Fe{110} 865 

and Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a) 60, (b) 180 and (c) 300 s, in N2-H2 (5 866 

vol. %), dew point -40 °C. The selected particles in Fig. 11 are marked by lines of the same colour as in this 867 

figure (red for Fe{100}, green for Fe{110} and blue for Fe{111}). The 0 of the x-axis corresponds to the left 868 

or upper side of the line in Fig. 11. The oxide particles on Fe{100} and Fe{111} are above the level of the 869 

ferrite substrate while they are more or less at the same level for Fe{110}. 870 
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Fig. 13 HAADF-STEM images obtained on the TEM samples from (a) and (d) Fe{100}, (b) and (e) Fe{110}, 873 

and (c) and (f) Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a-c) 60 s and (d-f) 120 s in N2-H2 874 

(5 vol. %), dew point -40 °C. The maximum oxide height H’ and the contact angle between ferrite and 875 

particles taken in the analysis are indicated by two parallel lines and the angular sector respectively. 876 
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Fig. 14 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right 879 

column) of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a), (b) and (c) 0 and (d), (e) and (f) 30, (g), (h) and 880 

(i) 60, (j), (k) and (l) 120, (m), (n) and (o)180, (p), (q) and (r) 240 and (s), (t) and (u) 300 s during isothermal 881 

holding, in N2-H2 (5 vol. %), dew point -40 °C. 882 
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