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Abstract

An Fe-Mn (1 wt. %) alloy was annealed at 800°C in N»-5 vol. % H> with a dew point of -40°C. The
nucleation and growth of external selective oxides of MnO were characterized for-the-first-time as a function
of ferrite grain orientation. Nucleation occurs successively on Fe{110}, Fe{111} and Fe{100} at 650 to
700°C. The oxides are faceted and their shape, size and surface density, measured accurately, are strongly
dependent on the ferrite grain orientation. The oxides grow as the annealing time increases. New oxides are

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

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

1. Introduction

The steel sheets used for automotive vehicles are becoming thinner and thinner to achieve both
lightweight of car bodies and reduced material costs. Advanced high strength steels (AHSS) are widely used
in the automotive industry because they combine light weight with excellent mechanical properties [1]. The
steel surface needs to be coated with a zinc layer in order to protect it against corrosion, which is usually
done by hot-dip galvanizing [2]. Before being immersed in a bath of molten zinc or zinc alloy, the steel
sheets are annealed in a reducing atmosphere of nitrogen and hydrogen (5 to 15 vol. %) containing only
traces of water (about 200 ppm). The main objective of the annealing treatment is to recrystallize the steel
and restore mechanical properties after cold rolling. Under the conditions chosen for the annealing treatment,
the iron oxides formed during cold rolling are reduced, but unfortunately, selective oxidation occurs on the

steel surface when it contains alloying elements such as manganese and silicon [2-5]. The presence of oxide
1
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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

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

Numerous annealing studies have been made on AHSS to investigate the effect of steel composition,
annealing temperature and dew point of the gas atmosphere on selective oxidation, including both laboratory

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

In general, oxidation is exclusively external during annealing in a low dew point atmosphere (< -30 °C).
The segregation of Mn, Si and Al to the surface is dominant [5,8,10,12-14,16]. The simple oxides MnO,
Si0z, Cr20; and AlxOs precipitate on the surface of the corresponding binary alloys and the formation of
MnSiOs / Mn;SiOs and MnCr204 occurs when Mn, Si and Cr are simultaneously present in the alloy
[5,8,10,11,17]. With a long annealing time, the surface oxides can be connected to form a thin film of

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

Annealing in a high dew point atmosphere (> 0 °C) always results in the formation of small particles or
thin films of external and internal oxides [10,12,13,15-19]. Larger simple oxide particles such as MnO,
Mn;304, SiO; and Cr,0; are formed on and below the surface of the corresponding binary alloys and mixed
oxides like MnSiO3 / Mn,SiOs, MnALO4, Mn3(POs), and MnCr,O4 appear in the multi-constituent alloys
[10,12,16-19].

These investigations have revealed that the selective oxidation behavior is very complex and that the
chemical nature, morphology and distribution of oxides depend mainly on the steel composition and the
annealing atmosphere. To reduce the formation of these oxide particles during annealing, it is important to
understand the mechanisms of oxide nucleation and growth. Some authors have found that the segregation of
the alloying elements on the steel surface [3], the size distribution, density [5,9,17,20] and shape [9,20] of the
oxides are different from one ferrite grain to another or have shown crystallographic relationships between
the oxide and the iron matrix [19]. The nucleation of these selective oxides must therefore be very sensitive
to the characteristics of the steel surface (e.g. small defects, facets and grain orientation). It should be noted
that some studies on the oxidation of iron (to iron oxides) as a function of ferrite grain orientation can be
found ([21] and references inside). But, to our knowledge, no detailed studies have been carried out on the
influence of ferrite grain orientation on the nucleation and growth of selective oxide particles formed during

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

Due to the diversity and complexity of oxidation behavior, we focus on the selective oxidation of model
systems consisting only of iron and manganese, Mn being one of the main alloying elements (typically 1.0 to
2.5 wt. % Mn) in AHSS. Recent studies on binary Fe-Mn alloys [8,9,11,20,22-25] have shown that only
MnO particles are formed on the alloy surface under conventional industrial annealing conditions. The main
objectives of this work are as follows: (1) to examine the first stage of selective oxide formation on the

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

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

2. Experimental procedure
2.1 Sample preparation

The binary Fe-Mn (1 wt. %) alloy used in this work was supplied by Goodfellow in the form of 1 mm
thick sheet. The composition analyzed by Spark-Optical Emission Spectrometry (Spark-OES Spectrolab
M10) is given in Table 1.

Table 1 Composition of the Fe-Mn alloy 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 cold-rolled alloy sheets received were cut into 20 mm square samples for annealing experiments. In
order to obtain a fully recrystallized microstructure, these square samples were first annealed at 950 °C for
60 min in a tubular resistance furnace (ETR 1200). The furnace gas atmosphere was composed of high-purity
commercial nitrogen or helium (Air Liquide, less than 3 ppm H>O, 2 ppm O, and 0.5 ppm C,Hy) and was
introduced at a flowrate of 3 x 10 m3-s’! at standard temperature and pressure conditions (0 °C; 100 kPa). At
the end of the annealing, the samples were cooled to room temperature at a rate of less than 1 °C-s™ in the
furnace chamber. The recrystallized samples were then mechanically polished with SiC papers to remove the
iron oxides layer and mirror-polished up to 1 um diamond suspension, resulting in an average roughness of a
few nanometers. The obtained samples were ultrasonically cleaned in a pure ethanol solution and completely
dried. Finally, two thermocouples were spot welded in the centre and in one corner of the samples to control

and measure temperature for the subsequent annealing.

After this initial preparation, the samples were annealed in the quartz chamber of an infrared radiation
furnace (Ulvac Sinku-Riko parabolic tubular furnace) with a temperature profile corresponding to continuous
industrial annealing (thick line shown in Fig. 1). This annealing which lasts a few minutes will be called
short annealing afterwards (to differentiate it from the first annealing which lasts 60 min). Two samples
were first heated to 800 °C at a rate of about 6 °C-s” and then held at 800 °C for 60 s before being cooled to
room temperature. To study the nucleation and growth of oxide particles, heating was stopped at various
temperatures, namely 650, 680, 700, 730, 750, 770 and 800 °C, and the samples were cooled directly to room

temperature (temperature profiles 1 to 7 in Fig. 1). In addition, some samples were annealed at 800 °C for 30,

3



95
96
97
98

99
100
101
102
103
104
105
106

107

108
109

110
111
112
113
114
115
116
117

118
119
120
121
122
123

124

125
126

127
128

120, 180, 240 and 300 s before being cooled to room temperature (temperature profiles 8 and 10-13 in Fig.
1). During annealing, the two temperature profiles obtained by the thermocouples were in good agreement.
According to the Fe-Mn phase diagram [26], the samples were composed at all temperatures of ferrite, which

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

The gas atmosphere used in the furnace chamber was a high purity commercial N> - 5 vol. % H, mixture
(Air Liquide with less than 3 ppm H,O and 2 ppm O,). It was introduced at a flowrate of 1.25 x 10 m*s! at
standard temperature and pressure conditions (0 °C; 100 kPa). The atmosphere dew point was set at -40 + 2
°C, comparable to the practice of galvanizing lines and corresponding to an oxygen partial pressure of 5.8 x
10" Pa at 800 °C [28]. The dew point in the furnace chamber was measured by two aluminium oxide
moisture probes located at the gas inlet and outlet, respectively. Due to the low temperature environment in
the furnace chamber, cooling at the end of annealing is so rapid (about 4.5 °C-s™" down to 650 °C) that it acts

as a quench for selective oxidation reactions.
2.2 Characterization procedures

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

forms particles on the alloy surface.

The surface of the samples was observed using a Field Emission Gun Scanning Electron Microscope
(FEG-SEM Leo 1530). The orientation of the ferrite grains was determined by Electron Back Scattered
Diffraction (EBSD Nordif/TSL). In order to be able to identify precise areas, two square marks with a size of
30 um x 30 um X 7 um were made on each sample by the ion beam of a Focused Ion Beam Scanning
Electron Microscope (Dual beam FIB-SEM Helios FEI NanoLab 660). Then, an area was selected around
the mark to make an EBSD map and to determine the location of the ferrite grains with three orientations of
{100}, {110} and {111}. For each annealing temperature, SEM photos were taken in three or four ferrite

grains with the same orientation on one or two samples.

An image analysis using the ImageJ software [29,30] was performed on these SEM photos to obtain the
geometrical parameters of the oxide particles. Since the oxides on the ferrite were low in contrast, we first
drew the contours of the oxide particles by hand on a transparent film and scanned it to obtain an image,
which allows automatic recognition of the oxide particles. Three geometrical parameters were measured: the
surface density #.xiqes Of the oxides (i.e., the number of oxide particles present on a unit area), the surface area

fraction covered by particles As and the equivalent diameter D., (diameter of the disc with the same surface

as the particle S, i.e. D,y = +/4S/m). 6-8 SEM images were analysed for each orientation of ferrite grains

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

plotted on the graphs.

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

the geometry of the oxides in three dimensions. The AFM images were taken using the tapping mode with
4
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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
two samples which underwent the same annealing treatment. 3-4 AFM images were then processed with the
NanoScopeAnalysis software. By defining the appropriate range of particle diameter, height and surface area,
the oxide particles on the alloy surface were automatically recognized and the maximum height H of each
particle (from the arithmetical mean of the heights over the entire surface analysed (9 or 25 pm?) to the
highest point of the oxide particle) was measured by the software. Since the oxides are partly below the
ferrite surface, the height measured by this protocol underestimates the particle height, but nevertheless
allows comparison of the maximum oxide heights for Fe{100} and Fe{111}. However, the particles on
Fe{110} are completely below the ferrite surface and the oxides cannot be detected with the same protocol.
In this case, a line has been drawn with the NanoScopeAnalysis software that cuts the particles. The height
profile thus obtained makes it possible to measure the height H between the lower and the upper surface of
each oxide. The mean value and standard deviation of the maximum heights for all measured images were

plotted on the graphs.

The FIB-SEM microscope was used to prepare thin TEM samples in ferrite grains of different orientations.
One TEM sample was prepared using FIB in Fe{100}, Fe{110} and Fe{111} grains annealed at 700 °C
during heating and at 800 °C for 60 and 120 s during isothermal holding to observe the nucleation and oxide
shape. TEM samples were also prepared using FIB in Fe{110} grains annealed at 800 °C during heating and
for 300 s during holding, and in Fe{111} grains annealed at 800 °C for 180 s to observe the internal
oxidation. Prior to extraction, a 2 pym Pt protective layer was deposited on the sample surface of the target
milling area to prevent damage during the sample preparation. The size of the TEM samples was 15 pm x 5
um and their thickness was 80-100 nm. The TEM samples were then observed using a Probe Cs Corrected
Scanning / Transmission Electron Microscope (TEM/STEM-FEI Titan3 G2 60-300). The oxides’
composition was analysed by Energy Dispersive Spectroscopy (4-detector Super-X EDS) in the STEM mode.
The EDS spectra were processed quantitatively with the ESPRIT (Brucker) software using the Cliff-Lorimer

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

3. Results

Theoretical calculations [8,20,31] and experimental works [9,11,20,21-25] have demonstrated that
selective external oxidation occurs and that the oxide particles formed on the alloy surface are composed of
MnO under the annealing conditions used in this work. The nucleation (section 3.1) and growth (section 3.2)

of the oxide particles on the alloy surface during annealing will be described below.
3.1 Oxide nucleation

3.1.1 Recrystallization of the ferrite surface
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Before the short annealing, all samples were annealed at 950 °C for 60 min to obtain a fully recrystallized
microstructure. The subsequent mechanical polishing introduces new defects and stresses on the alloy
surface. The restructuration of the damaged ferrite surface occurs during the heating stage of the short

annealing.

Fig. 2 shows the EBSD maps obtained on samples annealed at 680 and 700 °C during heating and at 800
°C for 60 s during isothermal holding without any further surface preparation. The ferrite surface was not
completely recrystallized at 680 °C (many points not measured by EBSD). The ferrite grains are clearly

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

The ferrite grain size does not change during short annealing (Fig. 2). The mean value of the equivalent
diameter of the ferrite grains is constant and equal to 73 + 39 pm. This measurement was compared to the
ferrite grain size before short annealing, measured on EBSD maps (not shown here). These EBSD cards were
made on a mechanical- and mirror- polished sample (details in section 2.1) and then polished by vibration
with a SiO suspension for 5 h to remove the damaged surface. The ferrite is well recrystallized after the
initial long annealing and the equivalent grain diameter is 83 + 44 pum. This diameter is similar to the

diameter measured on the short-annealed samples, where only the extreme surface restructures.
3.1.2 Oxide nucleation temperature range

The oxide particles appear at 650 °C, mainly within the grain boundaries (indicated by the white arrows in
Fig. 3(a)). Oxides could not be observed at this temperature in the grains using SEM and AFM. The oxide
nucleation is therefore favoured at the grain boundaries, which are diffusion short-circuits. As the sample
surface is not yet completely recrystallized (Fig. 2(a)), many defects or sub-grain boundaries and polishing
lines are observed, which are preferential locations for nucleation. Defects in the ferrite surface and
subsurface probably promote nucleation of oxide particles. The interaction between recrystallization and

selective oxidation has not been further investigated here.

Nucleation of very small oxide particles starts at 680 °C on some ferrite grains only (Fig. 3(b)). This result
shows that nucleation does not occur simultaneously on all grains and depends on the orientation of the
ferrite grains on which they are formed. Their equivalent diameter is 21 + 6 nm. The starting temperature of
nucleation in the ferrite grains, between 650 and 680 °C, cannot be determined more precisely due to the

resolution limit of the devices used.

The oxide particles are visible on all grains by SEM at 700 °C (section 3.1.3). Under the operating
conditions used here, the oxide nucleation occurs first at the grain boundaries and then in the grains between
650 and 700 °C. Using Becker-Doring nucleation theory [32,33], the critical radius of the MnO nuclei

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

nucleation temperature range may be overestimated.

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

oxides. Three typical grain orientations have been chosen, namely Fe{100}, Fe{110} and Fe{111}.
3.1.3 Influence of ferrite grain orientation on oxide nucleation

The small size of the oxides formed and the surface defects of ferrite due to mechanical polishing do not
allow good quality SEM and AFM images to be obtained at annealing temperatures below 680 °C (sections
3.1.1 and 3.1.2). The annealing temperature considered for the study of the influence of ferrite grain

orientation on oxide nucleation will therefore be 700 °C.

Numerous round or elongated black spots a few tens of nanometers in size are present on Fe{100} and
Fe{110} at an annealing temperature of 700 °C (Figs. 4(a) and (b)). Very small white spots a few tens of

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

AFM was used to accurately measure the particle equivalent diameter on Fe{100}, Fe{110} and Fe{111}
of samples annealed at 700 °C (Fig. 5). White spots with a diameter of 35 + 11 nm can be observed on
Fe{100} (Fig. 5(a)). The particles present on Fe{111} have a mean equivalent diameter of 60 + 18 nm (Fig.
5(c)) and the largest particles are observed on Fe{110} with an equivalent diameter of 88 £ 13 nm (Fig. 5(b)).
All particles are larger than the nascent nuclei (size less than 1 nm [24, 32,33]), which means that they have
already grown for some time. It can therefore be concluded that particles are present on the surface of all
alloy grains after annealing at 700 °C and that nucleation occurs at a temperature below 700 °C, first on
Fe{110} and then on Fe{111} and Fe{100} (assuming that the particle size is mainly dependent on growth
time, regardless of the orientation of the ferrite grain). The maximum height difference between the oxide
particles and the ferrite substrate is 13, 15 and 68 nm on Fe{100}, Fe{110} and Fe{111} respectively. The
higher oxides relative to the alloy surface give a local electron charging effect so that the oxide particles on

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

To determine the chemical nature of the oxide particles formed at 700 °C, a quantitative STEM / EDX
analysis was performed on the FIB prepared samples in Fe{100}, Fe{110} and Fe{111}. The EDX maps of

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

A round particle with a diameter of 20 nm is partially embedded in the surface of Fe{100} (Fig. 6(a)). Its
quantitative composition is 47.6 at. % Mn, 45.0 at. % O and 7.4 at. % Fe. Mn and O are present in the same
atomic proportion. A flat particle about 220 nm long can be observed on Fe{110} (Fig. 6(b)) and two round
particles about 65 nm long on Fe {111} (Fig. 6(c)). Quantitative analysis shows that all these particles (4 to 6
particles per orientation) contain mainly Mn and O in the same atomic proportions and iron in a smaller

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

is brought into contact with air).

According to the EDX analysis, the particles can be composed of MnO or a MnO-FeO solution. However,
as the thickness of the TEM sample is about 100 nm, which is larger than the size of the oxide particles, the
low Fe content is probably due to the contribution of the underlying ferrite. The oxides are therefore
probably be composed of MnO only. This is consistent with the thermodynamic calculations (section 4.1).
To confirm this, the oxides should be extracted on a C replica to perform the analysis without the possible

artefact due to the presence of the substrate.
3.2 Oxide growth

The growth of oxide particles on Fe{100}, Fe{110} and Fe{111} was studied for annealing at 750, 770,
800 °C during heating and at 800 °C for 30, 60, 120, 180, 240 and 300 s during isothermal holding. The
chemical composition of the oxide particles is given in section 3.2.1. The main geometrical parameters

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

after 180 s at 800 °C in section 3.2.3.
3.2.1 Chemical composition

STEM/EDX analyses of O in red, Mn in green and Fe in blue are presented with their superposition for
the three orientations, after annealing at 800 °C for 60 s (Fig. 7) and 120 s (Fig. 8). In all cases, oxide
particles are mainly formed on the surface of the annealed samples (external oxides). Smaller oxides are also

occasionally present below the surface (internal oxides).

The external particles are rich in Mn and O. Quantitative analysis shows that Mn and O are present in the
same atomic proportions in most external oxides (36 out of 43), meaning that they are MnO oxides. Fe is
also detected in these oxides, probably due to the contribution of the underlying ferrite grain. For some
external oxides (7 out of 43), the atomic ratio of Mn and O is about 3:2. However, Mn3;O; is not a
thermodynamically stable phase [34-37] and should not exist under our conditions. The most likely

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

O, Mn and Fe (at more than 70 at. %) are detected in internal oxides by EDX analyses. The presence of Fe
is mainly due to the contribution of ferrite. These internal oxides are formed occasionally and their
composition, shape and quantity are not dependent on ferrite grain orientation. During long-term annealing at
800 °C, oxygen atoms penetrate into the alloy and cause a slight internal oxidation of Mn. However, the
amount of internal oxides is very low. Under the annealing conditions studied in this work, the selective

oxidation of Mn is mainly external.
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3.2.2 Geometrical parameters of oxide particles

All samples were observed by SEM to determine the surface density 7ovides, the equivalent diameter D,
and the surface coverage fraction Ay of the oxides as a function of ferrite grain orientation and annealing time
(3.2.2.1). The three-dimensional shape of the oxide particles and their mean maximum height H were
determined using AFM (3.2.2.2). These geometrical parameters are summarized in Fig. 10 and the detailed

data are presented in Supplementary Material A.
3.2.2.1 Geometrical parameters of oxides

The Fe-Mn alloy surfaces were first observed by SEM after annealing at 750 and 800 °C during heating
and at 800 °C for 60, 120, 180, 240 and 300 s during isothermal holding (Fig. 9). The ferrite surfaces present
facetted steps at all temperatures and oxides are formed on these facetted steps. On samples annealed at 750
°C (Fig. 9(a-c)), the oxides are facetted crystals whose shape depends on the ferrite grain orientation: cubes
or square pyramids on Fe{100}, assemblies of triangular prisms or pyramids on Fe{110} and polygonal
prisms or pyramids on Fe{111}. When annealing continues, the oxide particles on Fe{100} remain as larger
and larger cubes or square pyramids (first column in Fig. 9). The oxide particles on Fe{110} change from
single to multiple overlapping triangular prisms or pyramids and then to very elongated particles probably
polycrystalline (middle column in Fig. 9). The oxide particles on Fe{111} remain polygonal prisms or
pyramids and increase in size. For holding time at 800 °C of 180 s (Fig. 9(m-0)), 240 (Fig. 9(p-r)) and 300 s
(Fig. 9(s-u)), very small oxide particles appear between the large particles on all three ferrite grain

orientations.

The characteristic geometrical parameters of the oxides obtained by image analysis are plotted as a
function of the annealing step (temperature-time) for the three ferrite grain orientations in Fig. 10. The
surface density of oxides noxides 15 the highest and the mean equivalent diameter D,, is the lowest on Fe{100}.
The lowest noxiqes and the largest D., are obtained on Fe{110}, and these parameters are intermediate on
Fe{111}. The surface area fraction covered by oxides Ay is in the following increasing order: Fe{111} <
Fe{100} < Fe{110}. As the annealing temperature or the annealing time increases, the surface area fraction
covered by oxides on the three grain orientations increases (Fig. 10(c)). For a holding time of less than 120 s,
Noxides Temains almost constant (Fig. 10(a)) and D., increases (Fig. 10(b)) for the three grain orientations. For
a holding time longer than 120 s, 7novices increases and D., decreases. The reason for this sudden change in
oxidation behaviour is due to the growth of new small crystals (section 3.2.3). In order to highlight the
formation of small crystals at the end of annealing, the distribution profiles of D., during growth are given in

Supplementary Material B.
3.2.2.2 Three-dimensional shape of oxides

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

Fe{111} under all annealing conditions (Fig. 11). The complexity of the oxides’ shape is highlighted by the
9
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colour contrast, corresponding to the height scale. To obtain a clearer idea of the shape, the height of some
oxide particles has been plotted according to their lateral dimension using the same scale on the abscissa and
ordinate (Fig. 12). The selected oxides are marked by red, green and blue lines on Fe{100}, Fe{110} and
Fe{111} respectively in Fig. 11. For each orientation and holding time at 800 °C, the selected oxides are

representative of the population of oxides present.

On Fe{100} (left column), the oxide particles have the smallest lateral dimension and appear as cuboids
slightly raised above the alloy surface. On Fe{110} (middle column), the oxide particles are flat cuboids of
very large lateral dimension, with the upper surface remaining more or less at the same height as the sample
surface. On Fe{111}, the oxide particles are above the alloy surface. They have a shape of polygonal

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

As oxides can grow below the alloy surface, we also observed oxide particle cross-sections by STEM (Fig.
13). The oxides in side view are diamond-shape on Fe{100} and Fe{111}. They lie within the facets formed
on the ferrite surface. On Fe{110}, the oxides in side view appear as elongated parallelograms, which are

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

The maximum height H of each oxide, determined by AFM, is the distance between the highest point of
the oxide and the arithmetical mean of the heights over the entire surface analysed (5%5 or 3x3 pum?) for
Fe{100} and Fe{111} and the distance between the lower and upper surfaces of the oxide on Fe{110}
(section 2.2). The mean maximum height H is plotted as a function of annealing temperature and time for
each ferrite grain orientation in Fig. 10(d). The maximum oxide height is also measured on the FIB cross-
sections of the samples using STEM images (H', Fig. 13). H’ is plotted in Fig. 10(d) with diamonds for
comparison with H measured by AFM. H’ is always higher than H, probably due to the uncertainty of the
AFM calculation which consists in using the arithmetical mean of the heights over a large surface area. H’ is
a more local measurement. For oxides on Fe{110}, both H and H’ measure the distance between the lower
and the upper surfaces of the oxide. However, the oxides are very thin and their thickness can be
overestimated when measured with STEM images. In conclusion, AFM and STEM give the same trends on
the influence of ferrite grain orientation on oxide height. For the STEM, the number of observed oxides is
too low to obtain a mean oxide height and an uncertainty on this height. For this reason, AFM is preferred

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

The mean maximum oxide height increases during heating and during holding at 800 °C for up to 120 s
and then decreases with the growth of the small particles mentioned above (Fig. 10(d)). This second growth
is detected earlier by AFM (120 s instead of 180 s) because this technique has a better resolution than SEM.
The mean maximum oxide height is always greater and increases more rapidly on Fe{111} than on the other

two orientations.
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In conclusion, the oxides on Fe{110} preferentially grow laterally and the oxides on Fe{100} and Fe{111}
grow in both horizontal and vertical directions. Many small particles are visible on the surface of the samples

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

The mean equivalent diameter of the oxides shows a sudden decrease and their surface density a sudden
increase when the samples are annealed at 800 °C for 180 s (Figs. 10(a) and (b)), which is due to the growth
of new crystals. To better understand the growth mechanisms at 800 °C, the annealed samples were observed
using SEM at a lower magnification than in Fig. 11 (Fig. 14). The corresponding small particle size

distribution profiles are summarized in Supplementary Material C.

Numerous white spots a few nanometers in size are present on Fe{100}, Fe{110} and Fe{111} after
annealing at 800 °C for 180 s (Figs. 14(m-0)). They were not visible for shorter annealing time (Figs. 14(a-1))
and 9(d-1)). After annealing at 800 °C for 240 and 300 s, many small particles are present on the samples
(Figs. 14(p-u)), which is probably due to the growth of these white spots. The presence of the new very small
particles leads to an increase in surface density and a decrease in the mean equivalent diameter of the oxide
particles (Figs. 10 (a) and (b)). This analysis is confirmed by the particle size distributions (Supplementary
Material C) which show that the relative frequency of very small particles (0-20 nm for Fe(100), 0-50 nm for
Fe{110} and Fe{111}) first decreases (from O to 180 s), then increases when the samples are annealed at 800

°C for 180 to 300 s.

For samples annealed at 800 °C for 0 to 120 s, there are also very small particles present on the surface,
especially on Fe{110} (Fig. 14). The influence of these small particles is negligible on the overall growth
behaviour of big particles (Fig. 10).

In summary, the selective external oxidation of Fe-Mn (1 wt. %) alloys annealed at 800 °C in N»-H (5
vol. %) with a dew point of -40 °C can be divided into three main steps: (i) nucleation of the oxide particles;
(i1) growth of some nuclei and coalescence into larger particles when the oxides meet (mainly on Fe{110})
and (iii) second growth of other nuclei. These different growth stages and the associated external selective

oxidation mechanisms will be discussed in section 4.

4. Discussion
4.1 Thermodynamic stability of iron and manganese oxides

The possible reactions between iron (Fe) and its oxides (Fey0,) in the annealing atmosphere of N> — 5

vol. % H; are given by:

x Fe(s) + zH,0(g) & Fe,0,(s) + zH,(g) (R-1)
11



359
360

361

362
363
364

365
366

367

368
369
370

371
372
373
374
375

376
377
378

379

380

381
382

383

384
385
386

The Gibbs free energy associated with the reaction (R-1) at constant temperature and pressure can be
expressed as [38]:

A.Gg_1 = AGp_y + RTIn ("F—XO’JL) Eq. (1)

z
aFe PHzO

where A,.Gr_, is the standard Gibbs free energy of reaction (R-1), Ape,0, and ag, are the activities of Fe,0,
and Fe, Py, and Py, o are the partial pressures of H, and H>O, R is the ideal gas constant (8.314 J [thol 'K™")
and T'is the temperature. As a first approximation, the oxides formed can be considered pure, i.e., pe 0, = 1.

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

by Raoult’s law:
Ape = Xpe = 1 Eq. (2)

The value of A.Gg_; can be taken from FactSage 7.2 (http://www.factsage.com/). The hydrogen partial
pressure used in this work is 5066 Pa. The partial pressure of water corresponding to a dew point of -40 °C is

19 Pa [39].

With all the equations and values given above, the thermodynamic stability of iron oxides, i.e. FegosO,
Fe»0Os3 and Fe;O4 can be determined as a function of annealing temperature. The Gibbs free energy of the
reaction (R-1) is greater than zero for all iron oxides when the temperature is above than 175 °C. The native
iron oxides are therefore completely reduced under the annealing conditions used in this work and the

metallic iron is stable for temperatures above 175 °C.

In a second step, we compare the stability of the different Mn oxides (Mn»O3, Mn3O4, MnO and MnO,)
under the annealing conditions used here. The Gibbs free energy A,-Gg_, for the transformation of MnO into

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

MnO(s) + 2= 0,(g) = + Mn,0,(s) (R-2)
( )1/96'
A,Gp_y = D, Gy_p + RT In — 202 . Eq. 3)
amno*(Po,) 2

Assuming that MnO and Mn, 0, are pure, their activities are equal to 1. The oxygen partial pressure in atm

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

26176
T

log Py, = 6 — 2227% 4 210g (‘:’—20) Eq. (4)

Hp

Using Egs. (3) and (4), it is found that the value of A,.Gg_, is always well above zero when the temperature
rises from 20 to 800 °C, which means that MnO is the most stable Mn oxide under the annealing conditions

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

in this work.
4.2 Mechanisms of Mn selective oxidation
4.2.1 Oxidation mechanisms of manganese

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

and dissociated on the alloy surface as follows [40-44]:
H>O(g) — H>O(ad) — OH(ad) + H(ad) — O(ad) + Hx(g) — O(dis) (R-3)

In the last step of the reaction scheme (R-3), the adsorbed oxygen atom dissolves in the ferrite surface. The O
weight fraction dissolved in ferrite in equilibrium with N> - 5 vol. % H, at the dew point of -40 °C is

calculated in ppm with [28]:

log Woequi =4 - @ + log <PH—ZO) Eq. (5)

Py,
MnO oxides precipitate if:
Wyn *Wo 2 Kyno Eq. (6)

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

log Kyno = 10.95 — 22222

Eq. (7)

The nucleation of MnO particles occurs between 650 and 700 °C according to our observations (section
3.1.2). Assuming that the Fe-Mn alloy is in equilibrium with the gas atmosphere at 650°C, the O weight
fraction dissolved in the alloy at its surface is 0.0038 ppm (Eq. (5)). The corresponding weight fraction of
Mn required for the formation of MnO is 44 ppm, namely 0.0044 wt. % (Eq. (7)). Consequently, the alloy,
which contains 1 wt. % Mn, is supersaturated at its surface with dissolved oxygen and manganese. This
supersaturation leads to the nucleation / growth of MnO at the alloy surface. The solid diffusion of Mn

towards the alloy surface then allows the growth of MnO particles.
4.2.2 Selective external oxidation

The operating conditions of the annealing process cause Mn selective oxidation (section 4.2.1). This
selective oxidation can be internal or external. Wagner proposed a robust model for the selective oxidation of
binary alloys in a low oxygen atmosphere [45,46]. Using Wagner’s model, one can calculate the critical Mn

mole fraction for the transition from internal to external oxidation:

0.5

crit _ T’:'g*'xf)urf'DO'Valloy
Xpn = Eq. (3)
2:DmMn'Vmno
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where g* is the critical volume fraction of the internal oxide equal to 0.3 [47,48], xgurf is the oxygen mole

fraction at the alloy surface related to Woequi (1.4x10° wt. % at 800 °C), Dy and Dy, are the diffusion
coefficients of Mn and O in ferrite (8.02x10"* and 9.09x10'° m*s™" at 800 °C [28]), and Vg0, and Viyp are

the molar volumes of the binary alloy and MnO respectively (7.22x10° and 1.33x10° m*mol™! [49]). For
annealing at 800 °C, x,f,,r,it is evaluated at 0.01, which is equal to the composition of the binary alloy studied
here. The selective oxidation of Mn must therefore be mainly external according to this calculation. Our

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

Although the selective oxidation of MnO is mainly external, the inward diffusion of oxygen cannot be
completely stopped and some very small manganese oxides may form below the alloy surface during an

annealing time of more than 60 s (Fig. 7).
4.3 Influence of ferrite grain orientation
4.3.1 Ferrite surface facets

For a solid crystal, the surface energy depends on the crystallographic plane considered. A
macroscopically flat surface is unstable if the total surface energy decreases when a hill-and-valley structure,
consisting of macroscopic surfaces of different orientations, is formed [50]. As the annealing temperature
rises, the alloy surface becomes highly facetted with numerous steps visible from 700 °C (Figs. 4 and 5).
This means that the crystallographic planes Fe{100}, Fe{110} and Fe{111} are not stable at high

temperature in N> - 5 vol. % H» with a dew point of -40 °C.

We found no published studies dealing with faceting of the vicinal surfaces of Fe at high temperature.
More generally, studies on body centered cubic systems are few and mainly concern Mo and W [51-53]. The
adsorption of oxygen atoms can make a vicinal surface unstable and cause faceting [51-54]. In the system we
are studying, in addition to oxygen adsorption, MrO-particlessrowtosetherwith-He facets MnO particles
form on facets and steps (Figs. 9(n) and (q)). The interaction between MnO and the Fe surface is thus very
complex. Determining the orientations of the planes that delimit the facets requires specific experiments (e.g.

using the TEM) and is beyond the scope of our study.
4.3.2 Nucleation of MnO particles

The MnO oxides clearly nucleate at the edges and kinks of the Fe steps (Figs. 4 and 5). The manganese
atoms present there have a lower coordination than those on the terraces and constitute preferential
nucleation sites for MnO [51]. Nucleation occurs on the steps when sufficient oxygen and manganese atoms

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

Annealing experiments at 700 °C show that the oxide particles nucleate first on Fe{110}, then on Fe{111}
and Fe{100} (section 3.1.3). MnO nucleation is favoured on Fe{110} because the surface energy between

MnO and Fe{110} is probably lower than that between MnO and other ferrite grain orientations. These
14
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surface energies are not known but can be compared using the DFT (Density Functional Theory) evaluation
of the surface energy for Fe{100} and Fe{110} planes, respectively 2.29 and 2.27 J/m? [55]. Both are of the

same order of magnitude. SinceTh

the MnO particles on Fe{110} are more elongated than on Fe{100} (Figs. 6, 7, 8 and 13), it can be deduced
that the surface energy between MnO and Fe{100} is higher than between MnO and Fe{110}. Based on the
shape of the MnO particles, the same conclusion can be drawn for Fe{111}, although in this case the surface
energy is slightly different, i.e. 2.5 J/m? [55]. Fe{110} is the ferrite grain orientation that is best wetted by
MnO.

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

nucleation rate of MnO oxides:
N —AG*
I = NgB*Zexp (kTT) Eq. (9)

where Ng is the number of sites where an embryo can form per unit area, §* the growth rate of a critical
nucleus, Z the Zeldovich factor, AG* the Gibbs free energy of formation of a spherical cap-shaped MnO
embryo with critical radius r*, kg the Boltzmann constant and T the temperature. L. Gong et al. [24] gave a
detailed description of the nucleation parameters of the MnO oxides on the Fe-Mn alloy surface. Z, 8* and
AG™ are functions of the contact angle ¢ between MnO and ferrite. For the calculation of the nucleation rate,

only N5 and € depend on the orientation of the ferrite grains.

The effeetive apparent contact angle 6,,, between the ferrite surface and the tangent to the particle at the
triple line is measured from the cross-sections of the oxide particles (Fig. 13). The mean value of 6, is 63° +
15°, 14° £ 6° and 51° + 9° for Fe{100}, Fe{110} and Fe{111} respectively. It is very important to be aware
that the apparent contact angle is influenced by the anisotropic crystal shape in solid wetting and is not as
simply described by the Young’s equation as in liquid wetting [56]. Despite this remark, the apparent contact

angle 0, is taken for the contact angle  of the assumed hemispherical nuclei in the calculation here.

Ny i 1 om0 B o0 Fe(100}, Fe( 110} and Fe{111 tively. x5/ is the mol
s is equal to — 5= — % and 27> on ef }, Fe{ } and Fe{ } respectively. x,.,~ is the molar

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

and a is the lattice parameter of ferrite (= 0.287 nm [57]). The nucleation rates of MnO oxides (Eq. (9)) on
Fe{100}, Fe{110} and Fe{111} at 700 °C are 1.9x10° 1.5x10' and 5.7x10'* m?2.s! respectively. The

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

experiments.
4.3.3 Growth and shape of MnO particles

As the annealing temperature increases, the oxides become larger and their shape depends on the
underlying ferrite grain but does not appear to change much during growth (Fig. 9).
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During the transformation of the system consisting of a particle of MnO resting on a particular orientation

of Fe(hkl), an infinitesimal variation of the total Gibbs free energy is written:
dG =Vdp — SdT + Y pdn; + Y y;dA; Eq. (10)

where V, p, S and T are the volume, pressure, entropy and temperature of the system, y; and n; are the
chemical potential and the number of moles of i (i=Mn and O) in the system, y; and A; are the surface
energy and surface area of each side j of the faceted MnO particle. Strictly speaking, the calculation of dG
must also take into account the deformation of the material and the surface and interface stresses [58], which
are neglected in a first approximation [59]. In general, the crystal shape is studied at constant temperature,
pressure and mole number so that the equilibrium crystal shape corresponds to the minimization of y;d4;
[56,59]. In our case, the annealing is non-isothermal and the number of moles increases as the particles are
growing. Since the crystal shape does not change during the non-isothermal annealing, this means that the
influence of temperature is negligible, especially on the variation of y;. MnO crystals are thought to reach
their equilibrium crystal shape at temperatures above 700 °C, corresponding to the minimization of }y;dA;
(probably the predominant term in dG). Growth, represented by the term Y, y;dn;, does not lead to a change

in shape either.

For a faceted MnO particle, each facet is a crystallographic plane with a particular orientation. ¥ y;dA;
includes the surface and interface energy of all facets constituting the MnO particle: (i) the MnO surface
energy for different crystallographic planes Ym0 (FJ’) with ﬁj’ the normal to facet j, (ii) the MnO/Fe
interfacial energy Ymno/re (W]') for different crystallographic planes since the particles rest in Fe kinks (Figs.
7 and 8) and (iii) the Fe surface energy yr, (ﬁ;) which depends on the orientation of the ferrite grain at the

triple line of the MnO particle.

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

it would reach its equilibrium crystal shape or Wulff shape composed of the most stable crystallographic
planes, i.e. those with the lowest Ym0 (W]') surface energy. When the MnO particle rests on iron, its Wulff
shape is equilibrated on a solid substrate of a dissimilar material and the MnO/Fe(hk/) interfacial energies are
involved (Winterbottom analysis described in Refs. [56,59]). The surface energy of iron crystallographic
planes depends on their orientation (e.g., 2.29, 2.27 and 2.5 J/m? for Fe{100}, Fe{110} and Fe{111} [55]).
Although the Ypno/re (FJ’) interfacial energies are not known, it is thought that they also depend on the Fe
orientation. The orientation of the Wulff shape with respect to the iron plane will therefore probably depend
on the Fe orientation, giving rise to the different apparent shapes of MnO oxides on Fe{100}, Fe{110} and
Fe{111}.

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

requires specific experiments (using TEM and EBSD [60-64]) and is beyond the scope of this study.
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As already mentioned in the nucleation part (section 4.3.2), the interface energy between MnO and Fe{110}
is lower than that between MnO and other ferrite grain orientations. This difference explains why MnO
particles prefer to grow in both the horizontal and vertical directions on Fe{100} and Fe{111} and extend

laterally on Fe{110}.
4.4 Very small particles

As indicated in section 3.2.3, the mean equivalent diameter of the oxides shows a sudden decrease and
their surface density a sudden increase when the samples are annealed at 800 °C for 180 s (Figs. 10(a) and
(b)). This has been attributed to the growth of new crystals, which are visible on the alloy surface between

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

When the annealing temperature rises to 700 °C, MnO nuclei are formed on the alloy surface. Only part of
the nuclei grow with increasing temperature, perhaps because they are located in the vicinity of defects
(dislocations, sub-grain boundaries, ferrite kinks or edges), which favour high diffusion of Mn [65]. These
first oxide particles grow competitively [66]. The other part of the nuclei do not grow but remain present

among the large ones.

Oxide growth requires that the manganese atoms diffuse from the alloy bulk to the surface and then
diffuse through the oxide particles (if the oxidation front is on the outer surface of the oxides). As the particle
size increases, the diffusion of manganese into the oxides takes more time. In addition, manganese becomes
depleted around these oxide particles. These phenomena explain a slowing down of the large particles
growth, which may facilitate the growth of the other nuclei present. The result is the presence of many very
small particles that become visibly by means of the SEM on the alloy surface when annealed at 800 °C for

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

5. Conclusions

The nucleation and growth of oxide particles on binary Fe-Mn (1 wt. %) alloys were studied during an
annealing process representative of industrial continuous annealing (800 °C, N2-Hz (5 vol. %), -40 °C dew
point). Complementary techniques were used to characterize the oxide particles on the alloy surface: EBSD
maps were measured to determine the ferrite grain orientation; a scanning electron microscope and an atomic
force microscope were used to determine the geometrical characteristics of the oxide particles and EDS

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

Under the operating conditions studied, the Mn selective oxidation is mainly external, i.e. MnO particles
are formed on the alloy surface. Oxides first appear at the grain and sub-grain boundaries on the samples
annealed at 650 °C during heating. As the annealing temperature rises, the MnO oxides nucleate successively

on Fe{110}, Fe{111} and Fe{100}. When annealed at 750 and 800 °C during heating and at 800 °C for 30 to
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120 s during isothermal holding, the surface density of oxides remains constant and the mean equivalent
diameter and maximum height increase continuously. During this time, the oxides have different shapes from
one ferrite grain to another: cuboids slightly raised above the alloy surface on Fe{100}, flat cuboids of very
large lateral dimension embedded in the surface of Fe{110} and polygonal pyramids raised above the surface
on Fe{111}. When annealed at 800 °C for 180 s, the surface density of oxides suddenly increases and the
mean equivalent diameter decreases. Many very small particles are present on the alloy surface after
annealing at 800 °C for more than 180 s. More and more very small particles are formed with longer
annealing time. The surface area fraction covered by oxides increases continuously as the annealing time

increases.

The underlying ferrite grain orientations show a significant influence on the nucleation and growth of
MnO oxides. The oxides first nucleate on Fe{110} and have the largest mean equivalent diameter and the
smallest height. The oxides’ surface density on Fe{100} is much higher and their mean equivalent diameter
is much smaller than those on Fe{110} and Fe{111}. The oxides on Fe{111} always have the greatest
height. The oxides extend laterally on Fe{110} and grow in both horizontal and vertical directions on

Fe{100} and Fe{111}.

Reaction mechanisms are proposed in the last part of this work.
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739  Fig. 1 Temperature profiles for annealing experiments. The representative profile for continuous industrial
740  annealing is shown by line 9; The heat treatment is interrupted during heating (lines 1-7) and during holding

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

742 Fig. 2 EBSD maps obtained on the Fe-Mn alloys annealed at (a) 680 and (b) 700 °C during heating and at (c)
743 800 °C for 60 s during isothermal holding. The crystallographic planes shown are parallel to the alloy surface.

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

745 Fig. 3 Nucleation of oxide particles on Fe-Mn (1 wt. %) alloy in N»-H, (5 vol. %), dew point -40 °C. (a) The
746  oxide particles appear at 650 °C (temperature profile 1 in Fig. 1), mainly within the grain boundaries (white
747  arrows, SEM). (b) Very small oxide particles appear at 680 °C (temperature profile 2 in Fig. 1) on some
748  ferrite grains only (AFM).

749  Fig. 4 SEM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy
750  annealed at 700 °C in N2-H> (5 vol. %), dew point -40°C. Numerous oxide particles a few tens of nanometers

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

752 Fig. 5 AFM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy
753  annealed at 700 °C in N2-Hz (5 vol. %), dew point -40 °C. The mean equivalent diameter of the oxide

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

755 < Fe(110).

756  Fig. 6 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (1) Fe and (a), (b) and (c) O-Mn-Fe
757 all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (1)
758  Fe{l111} of Fe-Mn (1 wt. %) alloy annealed at 700 °C in N>-H> (5 vol.%), dew point -40 °C. All the particles

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

760  Fig. 7 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (1) Fe and (a), (b) and (c) O-Mn-Fe
761 all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (1) and (1)
762 Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 60 s in N»>-H, (5 vol. %), dew point -40 °C. All the
763  particles contain mainly Mn and O in the same atomic proportions, i.e., 48.9 at. % Mn, 50.6 at. % O and 0.5
764  at. % Fe (e, Fig. 7(a)), 47.7 at. % Mn, 50.8 at. % O and 1.5 at. % Fe (e, Fig. 7(b)) and 46.7 at. % Mn, 43.2 at. %
765 O and 0.1 at. % Fe (e, Fig. 7(c)).

766  Fig. 8 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (1) Fe and (a), (b) and (c) O-Mn-Fe
767 all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (1) and (1)
768  Fe{l11} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 120 s in N>-H» (5 vol. %), dew point -40 °C. All
769  the particles contain mainly Mn and O in the same atomic proportions, i.e. 57.7 at. % Mn, 38.8 at. % O and
770 3.5 at. % Fe (e, Fig. 8(a)), 51.4 at. % Mn, 48.5 at. % O and 0.1 at. % Fe (e, Fig. 8(b)) and 57.8 at. % Mn,
771 41.6 at. % O and 0.6 at. % Fe (e, Fig. 8(c)).
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Fig. 9 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right
column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating
and at 800 °C for (g), (h) and (i) 60, (j), (k) and (1) 120, (m), (n) and (0)180, (p), (q) and (r) 240 and (s), (t)
and (u) 300 s during isothermal holding, in N»>-H» (5 vol. %), dew point -40 °C.

Fig. 10 Characteristic geometrical parameters of the oxides formed on Fe{100} (red line), Fe{110} (green
line) and Fe{111} (blue line), namely the surface density 7novices (2), the mean equivalent diameter D., (b), the
surface area fraction covered Ay (c) and the maximum height H (d), as a function of the annealing step
(temperature-time) in N>-H» (5 vol. %), dew point -40 °C. The diamond points in Fig. 10(d) are the values

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

Fig. 11 AFM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right
column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating
and at 800 °C for (g), (h) and (i) 60, (j), (k) and (1) 120, (m), (n) and (0)180, (p), (q) and (r) 240 and (s), (t)
and (u) 300 s during isothermal holding, in N»>-H> (5 vol. %), dew point -40 °C.

Fig. 12 Height (H) as a function of lateral dimension (x) for individual oxide particles on Fe{100}, Fe{110}
and Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a) 60, (b) 180 and (c) 300 s, in N»-H, (5
vol. %), dew point -40 °C. The selected particles in Fig. 11 are marked by lines of the same colour as in this
figure (red for Fe{100}, green for Fe{110} and blue for Fe{111}). The O of the x-axis corresponds to the left
or upper side of the line in Fig. 11. The oxide particles on Fe{100} and Fe{111} are above the level of the

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

Fig. 13 HAADF-STEM images obtained on the TEM samples from (a) and (d) Fe{ 100}, (b) and (e) Fe{110},
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 N»>-H»
(5 vol. %), dew point -40 °C. The maximum oxide height H’ and the contact angle between ferrite and

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

Fig. 14 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right
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
@) 60, (j), (k) and (1) 120, (m), (n) and (0)180, (p), (q) and (r) 240 and (s), (t) and (u) 300 s during isothermal
holding, in N»>-H; (5 vol. %), dew point -40 °C.
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801  Fig. 1 Temperature profiles for annealing experiments. The representative profile for continuous industrial
802  annealing is shown by line 9; The heat treatment is interrupted during heating (lines 1-7) and during holding

803  (lines 8-13) to study the nucleation and growth of selective oxides.
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806  Fig. 2 EBSD maps obtained on the Fe-Mn alloys annealed at (a) 680 and (b) 700 °C during heating and at (c)
807 800 °C for 60 s during isothermal holding. The crystallographic planes shown are parallel to the alloy surface.

808  The ferrite surface was not completely recrystallized at 680 °C and well recrystallized from 700 °C.
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Fig. 3 Nucleation of oxide particles on Fe-Mn (1 wt. %) alloy in N»>-H, (5 vol. %), dew point -40 °C. (a) The
oxide particles appear at 650 °C (temperature profile 1 in Fig. 1), mainly within the grain boundaries (white
arrows, SEM). (b) Very small oxide particles appear at 680 °C (temperature profile 2 in Fig. 1) on some
ferrite grains only (AFM).

Fig. 4 SEM images obtained on (a) Fe{100}, (b) Fe{110} and (c) Fe{111} of Fe-Mn (1 wt. %) alloy
annealed at 700 °C in N»-H> (5 vol. %), dew point -40°C. Numerous oxide particles a few tens of nanometers

in size are present on the three ferrite grain orientations.

-- |

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

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

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

<Fe(110}.
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Fig. 6 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (1) Fe and (a), (b) and (c) O-Mn-Fe
all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (1) and (1)
Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 700 °C in N»-H> (5 vol. %), dew point -40 °C. All the

particles contain mainly Mn and O in the same atomic proportions.
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832 Fig. 7 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (1) Fe and (a), (b) and (c) O-Mn-Fe
833 all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (1) and (1)
834  Fe{l111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 60 s in N2-H» (5 vol. %), dew point -40 °C. All the
835  particles contain mainly Mn and O in the same atomic proportions, i.e., 48.9 at. % Mn, 50.6 at. % O and 0.5
836  at. % Fe (e, Fig. 7(a)), 47.7 at. % Mn, 50.8 at. % O and 1.5 at. % Fe (e, Fig. 7(b)) and 46.7 at. % Mn, 43.2 at. %
837 OandO0.1 at. % Fe (e, Fig. 7(c)).
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840  Fig. 8 EDX mapping of (d), (e) and (f) O, (g), (h) and (i) Mn, (j), (k) and (1) Fe and (a), (b) and (c) O-Mn-Fe
841  all together obtained on (a), (d), (g) and (j) Fe{100}, (b), (e), (h) and (k) Fe{110}, and (c), (f), (i) and (1)
842  Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for 120 s in N>-H» (5 vol. %), dew point -40 °C. All
843  the particles contain mainly Mn and O in the same atomic proportions, i.e. 57.7 at. % Mn, 38.8 at. % O and
844 3.5 at. % Fe (e, Fig. 8(a)), 51.4 at. % Mn, 48.5 at. % O and 0.1 at. % Fe (e, Fig. 8(b)) and 57.8 at. % Mn,
845  41.6 at. % O and 0.6 at. % Fe (e, Fig. 8(c)).
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848
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851

852

Fig. 9 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right
column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating
and at 800 °C for (g), (h) and (i) 60, (j), (k) and (1) 120, (m), (n) and (0)180, (p), (q) and (r) 240 and (s), (t)
and (u) 300 s during isothermal holding, in N»>-H» (5 vol. %), dew point -40 °C.
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Fig. 10 Characteristic geometrical parameters of the oxides formed on Fe{100} (red line), Fe{110} (green
line) and Fe{111} (blue line), namely the surface density 7oxizes (2), the mean equivalent diameter D,, (b), the
surface area fraction covered Ay (c) and the maximum height H (d), as a function of the annealing step

(temperature-time) in No-H» (5 vol. %), dew point -40 °C. The diamond points in Fig. 10(d) are the values

measured with STEM images on cross-sections of the samples (as in Figs. 7 and 8).
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864

Fig. 11 AFM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right
column) of Fe-Mn (1 wt. %) alloy annealed at (a), (b) and (c) 750 and (d), (e) and (f) 800 °C during heating
and at 800 °C for (g), (h) and (i) 60, (j), (k) and (1) 120, (m), (n) and (0)180, (p), (q) and (r) 240 and (s), (t)
and (u) 300 s during isothermal holding, in N»>-H» (5 vol. %), dew point -40 °C.
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865  Fig. 12 Height (H) as a function of lateral dimension (x) for individual oxide particles on Fe{100}, Fe{110}
866 and Fe{111} of Fe-Mn (1 wt. %) alloy annealed at 800 °C for (a) 60, (b) 180 and (c) 300 s, in N»>-H> (5
867  vol. %), dew point -40 °C. The selected particles in Fig. 11 are marked by lines of the same colour as in this
868  figure (red for Fe{100}, green for Fe{110} and blue for Fe{111}). The O of the x-axis corresponds to the left
869  or upper side of the line in Fig. 11. The oxide particles on Fe{100} and Fe{111} are above the level of the
870  ferrite substrate while they are more or less at the same level for Fe{110}.
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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},
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 N»-H,

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

particles taken in the analysis are indicated by two parallel lines and the angular sector respectively.
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879  Fig. 14 SEM images obtained on Fe{100} (left column), Fe{110} (middle column) and Fe{111} (right
880  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
881 @) 60, (j), (k) and (1) 120, (m), (n) and (0)180, (p), (q) and (r) 240 and (s), (t) and (u) 300 s during isothermal
882  holding, in N>-H: (5 vol. %), dew point -40 °C.
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