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ARTICLE INFO ABSTRACT

Keywords: The kinetics of selective oxidation in iron-manganese-silicon alloys of varying silicon contents was examined at
A. Alloy 700°C and oxygen pattial pressure of 2.9x10722 bar for up to 2 h. The investigation revealed a linear mass gain
B. LS over time, suggesting oxygen uptake as the rate-controlling step of reaction. Internal oxidation depth particularly
B. TEM ! S, s N g . L

. . along grain boundaries increased considerably with increasing silicon content. Differences in microstructure and
C. High temperature corrosion : % e 5 :
C. Selective oxidation near-surface chemistry of the alloys as a function of the silicon content are discoursed on. The results point to the
C. Kinetic parameters crucial role of a thin oxide layer, a solid solution between FeO and MnO, in the oxidation process.

1. Introduction

Advanced high strength steels, e.g., transformation-induced plas-
ticity (TRIP) steel, are widely used in automotive body-in-white con-
struction because of their high strength-to-density ratio and good
ductility [1]. This allows a considerable reduction of sheet thickness and
consequently the weight of auto-bodies becomes lighter, which helps to
reduce CO5 emissions and meet the demand for energy conservation.
Hot-rolling of high strength steels is a primary step for making chassis
and underbody components of automobiles. Manganese, silicon,
aluminum and/or chromium are regarded as major alloying elements in
high strength steels. However, oxide formation of these alloying ele-
ments underneath the external iron oxide scale formed after hot rolling
impairs the mechanical properties of steels. Particularly when formed
along grain boundaries (GBs), these oxides impair the cohesion between
adjacent grains and can result in serious surface defects in
post-processing such as pickling [2,3]. Therefore, understanding the
internal oxidation process particularly along GBs is essential to develop
novel protection strategies against high temperature oxidation.

Besides many works on the external scaling and descaling of steel
sheets during hot rolling processes [4-7], the internal oxidation process
has not been extensively studied. Kizu et al. [8] studied the intergranular
and internal oxidation of an ultra-low carbon steel with 0.01 mass% Si
after exposure to a mixed gas atmosphere (oxygen content of 1—10 vol.
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%) at 1423—1563 K. Nevertheless, a deep understanding of the internal
oxidation process is impeded due to the presence of thick oxide scales
under those conditions. To suppress the growth of external iron oxide
scales, the oxygen partial pressure needs to be reduced to below the
Fe/FeO equilibrium partial pressures of oxygen at the respective
annealing temperature, e.g. at 700 °C below 102! bar. For example,
Auinger et al. [2] used a gas composition of Hy/HyO/Ar (p(05) = 2 x
10722 bar) for a kinetic study on the internal oxidation of {Mn, Si, Al,
Cr}-added iron-based alloys at 700 °C. For the selective oxidation pro-
cess, the elemental diffusion was regarded as the rate controlling step.
The authors also reported discrepancies between theoretical simulations
and experiments. We previously investigated the selective oxidation of
iron-manganese-silicon alloys exposed at p(O3) = 6.5 x 10~2° bar at 700
°C and found that linear mass growth could last up to more than1or 2 h
[9]. Under the very low oxygen partial pressure linear growth is ex-
pected at early stages, when oxygen uptake is the rate-determining step.
It remains to be examined how such linear growth would proceed at
higher oxygen partial pressures and during more extended timespans.
Selective oxidation at p(05) = 6.5 x 102 bar and 700 °C resembles
the traditional conditions of recrystallisation annealing prior to hot dip
galvanizing [10,11]. However, to avoid massive external oxidation,
modern day annealing is conducted under much higher oxygen partial
pressure. Therefore, in this study, we apply the condition p(03) = 2.9 x
10 22 bar at 700 °C to simulate a more realistic condition. The focus of
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Fig. 1. Oxidation kinetics of iron-manganese-silicon of varying silicon concentrations during exposure at p(0,) = 2.9 x 1072 bar at 700 °C.

this work, however, is the external and internal oxidation resulting from
much longer high temperature exposures, which is for instance relevant
to internal oxidation during cooling after hot rolling. Especially the
significant grain boundary oxidation which is observed for some higher
alloyed steels is a considerable problem as it was found to cause severe
selective grain boundary attack during pickling [2].

Hence, the partial pressure of oxygen in this research was chosen as a
value marginally lower than that thermodynamically required for
wiistite formation. This experimental approach ensures conditions quite
close to those underneath a dense wiistite scale, and thus should provide
a good approach for studying the fundamentals of selective oxidation
beneath the wiistite scale and of the role of alloy composition on the
oxidation kinetics under these conditions. Among the most important
alloying additions in steel manufacturing, the combination of Mn and Si
results in internal oxidation up to higher depths and along grain
boundaries. Therefore, Fe-Mn-Si alloys of varying Si contents were used
as model alloys in this study. To obtain mass gain signals containing
reliable information starting from the onset of oxidation, a highly

sensitive in-situ thermogravimetry, developed in-house, was employed.
Since the wiistite scale formation is prevented by adjusting the oxygen
partial pressure to a value below the equilibrium partial pressure of Fe/
FeO, the mass gain directly provides information about the extent of
selective oxidation. Surface and subsurface chemistry as well as micro-
structure of the alloys after exposure were examined by combining
different analytical techniques. The main objectives of this research
were to gain an insight into the oxidation kinetics of Fe-Mn-Si alloys at
comparatively high oxidation partial pressure (close below the Fe/FeO
equilibrium) and unravel the processes determining the often-surprising
high depth of internal oxidation of Fe-Mn-Si especially along grain
boundaries.

2. Material and methods
Low alloyed Fe-2 Mn-x Si alloys with a Mn content of 2 mass% and Si

content of either 0, 0.25, 1 or 2 mass% were prepared in-house by
casting, subsequently formed to sheets by hot rolling. The sheets were
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Fig. 2. Partial pressure of oxygen vs. temperature phase diagrams for Fe-2 Mn (a), Fe-2 Mn-0.25 Si (b) Fe-2 Mn-1 Si and Fe-2 Mn-2 Si (c). Blue line p(O,) of Fe/FeO
equilibrium calculated by HSC Chemistry 6.0; Red line p(O,) in the H,/H,0 gas (69 vol%,/31 vol%, +70 °C dew point). (For interpretation of the references to colour

in this figure legend, the reader is refeired to the web version of this article).

cut to rectangular coupons with a size of 10 x 10 x 2 (mm), ground and
subsequently polished to a 1-pm finish. Selective oxidation studies were
conducted in a self-developed thermogravimetric analysis equipment
with ultra-high sensitivity. Details of the experimental set-up have been
described in Ref. [12]. To shorten the heating time and hence eliminate
the influence of oxidation during heating, an infra-red furnace was
employed to heat the sample, with the temperature program set to a very
fast heating ramp of 5 K s 1. The gas atmosphere consisted of 69 vol% H,
and 31 vol% H,0, corresponding to +70 °C dew point at a total partial
pressure of 1 bar (DP +70 °C), and the total pressure in the chamber was
maintained at 40 mbar. The exclusive use of reactive gas species, i.e.
without the usual carrier gas of nitrogen or argon, in a low-pressure
environment is beneficial for an enhanced signal-to-noise ratio, attrib-
uted to notably reduced atmospheric turbulences particularly right after
rapid heating. All process parameters like the measured temperature,
mass change and pressure were recorded automatically every second,
using an in-house developed software. The thermogravimetry mea-
surements for each type of alloy were conducted thrice to ensure
repeatability.

For thermodynamic description of the system, the FactSage software
(SGPS database) was employed and the calculation of stable phases was
carried out based on the alloy composition, temperature and oxygen
partial pressure. It is understandable that the thermodynamic data in
different databases may vary to some extent due to the limitations of the
theoretical and experimental methods. The oxygen partial pressure for
the Fe/FeO equilibrium calculated by FactSage (p(O3) = 1.4 x 10722 bar
at 700 °C) is slightly lower than the conditions of interest here, i.e. p(O3)
=12.9 x 10722 bar at 700 °C, whereas that calculated by HSC Chemistry
6.0 software is slightly higher. Hence, pure Fe was exposed at the

atmosphere of Hyp/Hy0 (69 vol%/31 vol%) at 700 °C to check whether it
could be oxidized under such conditions. According to Fig. Al, no iron
oxides can be observed after exposure for 2 h. This indicates that the
partial pressure of oxygen in the 69 vol% Hy + 31 vol% H,0 gas at-
mosphere is below the equilibrium between iron and wiistite and hence
is suitable to resemble the oxygen activity underneath the external
wiistite scale.

Phase analysis of the iron-manganese-silicon alloys after exposure
was performed using grazing incidence X-ray diffraction (GIXRD) with
generator voltage and tube current of 40 kV and 30 mA, respectively.
Two samples for each type of alloy were measured by GIXRD to guar-
antee repeatability. Microscopic morphologies and elemental composi-
tions of each type of alloy were measured using scanning electron
microscopy equipped with an energy-dispersive X-ray detector (SEM/
EDX). The cross sections of all the SEM samples were prepared by
mounting the cut samples into resin, mechanically grinding down to
4000 grit and polishing with 50 nm SiO, suspension. The SEM/EDX
measurements were carried out on at least two different samples for
each type of alloy and on plentiful positions on each sample. Trans-
mission electron microscope (TEM) as well as scanning transmission
electron microscope (STEM) were employed to analyze the oxides at
higher resolution. Cross-sectional TEM lamella was prepared by cutting
from a typical region of an oxidized sample using a focused ion beam
instrument (FIB, Scios2). A carbon marker layer was applied to protect
the surface oxide layer from ion beam damage [13]. TEM experiments
were performed on a JEOL 2200 microscope operated at 200 kV. STEM
experiments were conducted at 300 kV on a Titan Themis microscope.
High angle annular dark field (HAADF) STEM images were recorded
using an integrated detector collecting diffracted angles between 73 and
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200 mrad. STEM-EDX spectrum imaging was acquired using a
four-quadrant SuperX spectrometer. The datasets were analyzed using
multivariate statistical analysis to enhance the signal to noise level of the
X-ray emission peaks [14]. Both the TEM and STEM investigations were
carried out at least on three different positions of one sample to ensure
repeatability. Further chemical analysis was performed using X-ray
photoelectron spectroscope (XPS) with an Al K, radiation source
(1486.6 eV). The specimen surfaces were sputtered with argon ions (2.0
kV) for depth profiling. The sputtering rate was —30 nm/min, calculated
using calibration done on a $iO, sample and correlating it to the steel
sample (this routine was found to be reasonable by comparing XPS depth
profiles with SEM and TEM micrographs of cross sections). Peak fitting
of the XPS peaks was performed in the CasaXPS software package. The
XPS data were calibrated for charge shift by normalizing binding en-
ergies to that of the adventitious C 1s peak at 284.6 eV.

3. Results and discussion
3.1. Oxidation kinetics

The kinetics of oxidation of all analyzed ternary alloys during the
selective oxidation heat treatment are presented in Fig. 1. A well-defined
fast heating ramp (5 K s 1) causes a slight overheating in the beginning
of the experiment, which is then quickly stabilized at the desired
isothermal temperature of 700 °C after —~160 s of annealing. After a
short (and unavoidable) disturbance caused by the buoyancy effect, data
with a pronounced signal-to-noise ratio can be precisely recorded. Al-
loys with higher Si content exhibit faster oxidation kinetics, as displayed
in Fig. 1a. The mass gain of the Fe-2 Mn alloy is below the resolution
limit of the thermogravimetry set-up (less than 10 pg em ), and is
hence not shown. The reaction kinetics of Fe-2 Mn-0.25 Si and Fe-2 Mn-1
Si follow a linear weight increase during 2 h of heat treatment, with
linear rate constant values of 2.8 x 1078 (k) and 7.9 x 1078 (ko) mg
em 2 71, respectively. For ~4500 s, the mass of Fe-2 Mn-2 Si also
increased linearly at a rate k3 = 3.3 x 10> mg em 2 s !, before entering
a parabolic regime. The linear mass gain of the Fe-2 Mn-x Si alloys in-
dicates that the probable rate-limiting step at early oxidation stage is the
oxygen uptake (discussed in Section 3.4 in detail). Considering the much
higher oxygen partial pressure in the study (compared to [9]), it is
surprising to observe the early oxidation stage (rate controlled by oxy-
gen uptake) lasting over 1-2 h.

In order to confirm the parabolic behavior of Fe-2 Mn-2 Si after the
initial oxidation stage, the alloy underwent an extended heat treatment
of 8 h. The resulting mass gain squared per unit area, A w2, is plotted
over time, t (Fig. 1b). A visibly growing slope illustrates that the linear
mass gain in the beginning of the selective oxidation annealing transi-
tions to parabolic (k = 1.1 x 107> mg? em~*s™!) mass gain after ~1.7 h
of annealing. As the growing network of internal oxides eventually
hinders elemental diffusion, the latter would become the rate-
determining step of oxidation, characterized by the parabolic growth.
Together with the results shown in Fig. 1a, it is clear that all the Fe-2 Mn-
x Si alloys exhibit linear growth for relatively short-term oxidation and
hence their initial oxidation process is determined by oxygen uptake
rather than diffusion. It should be emphasized that the thermogravim-
etry results in this study are highly reproducible, as depicted by the total
coincidence of both curves in Fig. 1b.

3.2. Morphology and structure of the oxides

Fig. 2 depicts the phase diagrams (oxygen partial pressure vs. tem-
perature) of Fe-2 Mn-x Si alloys of varying Si contents. The partial
pressure of oxygen in the prevailing 69 vol%H; + 31 vol%H,0 gas at-
mosphere is slightly lower than the critical value thermodynamically
required for the FeO formation at 700 °C, but is high enough to oxidize
Si and Mn in the whole temperature range. Under the existing temper-
ature and partial pressure conditions, the stable thermodynamic phases
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Fig. 3. GIXRD patterns of iron-manganese-silicon alloys of varying silicon
concentrations post oxidizing at 700 °C and p(0,) = 2.9 x 10722 bar for 2 h.

are o-Fe + MnO for Fe-2 Mn, a-Fe + MnySiO4 + MnO for Fe-2 Mn-0.258i
and a-Fe 4+ Mn,SiO4 + FeySi0,4 for Fe-2 Mn-1 Si and Fe-2 Mn-2 Si.

GIXRD patterns of Fe-2 Mn, Fe-2 Mn-0.25 Si, Fe-2 Mn-1 Si and Fe-2
Mn-2 Si after exposed to aforementioned conditions for 2 h are shown in
Fig. 3. The dominating peaks come from the (FeO); ,(MnO)y phase on
the surface of the alloys [15]. The absence of (FeO); 4(MnO)y in the
phase diagrams for all the Fe-2 Mn-x Si alloys shown in Fig. 2 is because
of insufficient thermodynamic data in the database. Noticeably, adding
Si into the alloys leads to a slight shift of the characteristic peaks of
(Fe0); x(MnO)x towards lower angles, i.e., larger lattice parameters.
This might occur because of a higher fraction of FeO in the
(FeO); x(MnO)y phase and/or the doping of Si into the (FeQ); »(MnO)y
crystal and the corresponding lattice expansion. XRD did not detect any
crystalline SiO5 or Mn-Si oxide phases.

The surface morphologies of the Fe-2 Mn-x Si alloys after annealing
are depicted in Fig. 4. The corresponding EDX results of the selected
points are shown in Table 1. Some scattered (FeQ); x(MnO)y particles
are formed on the Fe-2 Mn surface mainly along GBs. For Si-containing
alloys, pronounced oxidation along grain boundaries develops as large
ridges, which is also ascribed to (FeO); x(MnO)¢. For Fe-2 Mn-2 Si,
besides the preferential formation of oxides on the grain boundaries, a
large number of (FeO); »(MnO), nodules are also widely distributed on
the grains. The external (FeO); x(MnO)x nodules are formed by outward
diffusion of Fe and Mn to the surface and their subsequent oxidation. As
the volume expansion by internal oxidation drives the outward diffu-
sion, alloys with higher Si contents have higher degrees of internal
oxidation and hence more external oxide nodules. The formation of the
external nodules as a consequence of internal oxidation has also been
reported previously [9,16-18].

According to the EDX results (Table 1), the Fe/Mn ratio in
(FeO); x(MnO)y increases with Si content, with values of approximately
0.8 (point 1), 1.8 (point 2), 3.4 (point 3) and 3.4 (point 4) for Fe-2 Mn,
Fe-2 Mn-0.25 Si, Fe-2 Mn-1 Si and Fe-2 Mn-2 Si, respectively. To exclude
the counts from the underlying metallic Fe matrix, the concentration of
oxidized Fe is calculated by using the total O concentration subtracting
the O concentration consumed for oxidizing Mn and Si (i.e., subtracting
Mn and double of Si concentrations). The correlation between iron/
manganese ratio of the oxides and silicon content of the alloy is in good
agreement with the XRD results. Meanwhile, a slight amount of Si can be
detected in the oxide nodules of Fe-2 Mn-1 Si and Fe-2 Mn-2 Si, as shown
in Table 1, which might also be induced by the tensile stress formed
during internal oxidation.

Cross-sectional images of the Fe-2 Mn-x Si alloys of varying Si
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Fig. 4. Surface morphologies of Fe-2 Mn (a, b), Fe-2 Mn-0.25Si (¢, d), Fe-2 Mn-1Si (e, f) and Fe-2 Mn-2Si (g, h) post oxidizing at 700 °C and p(0,) = 2.9 x 10722 bar

for 2 h.

Table 1

EDX analysis of the selected points in Fig. 4.
Element (at.%) (o] Fe Mn Si
Point 1 30.4 52.4 17.2 =
Point 2 36.5 50.4 13.1 -
Point 3 23.0 71.3 4.9 0.8
Point 4 19.% 76.2 4.1 0.6

contents after the aforementioned annealing conditions are shown in
Fig. 5. For Fe-2 Mn, dispersed (FeO); (MnO)y oxides are precipitated
both inside the grains and along the grain boundaries. The larger oxides
are formed preferentially at the near-surface grain boundaries approxi-
mately 1 pm below the surface (Fig. 5b). Although the oxidation depth of
Fe-2 Mn reaches a value of —6.2 pm, only a small number of fine oxides
are present at the oxidation front, mainly at grain boundaries, as shown
in Fig. 5a. It is clear from Fig. 5b that the overall oxide size decreases
progressively from the surface towards the oxidation front. Internal
oxidation is accelerated significantly on adding Si to Fe-2 Mn. This re-
sults in a much higher oxide volume fraction and notably enhanced
oxidation along the grain boundaries. These oxides are in average
smaller than those without Si. Furthermore, the oxidation depth of Fe-2
Mn-x Si increases with silicon content, ~7.0, 9.9, and 14.6 pm for Fe-2
Mn-0.25 Si, Fe-2 Mn-1 Si, and Fe-2 Mn-2 Si, respectively. The size of
some GB oxides in Fe-2 Mn-0.25Si is similar to that in Fe-2 Mn, and
remarkedly larger than those in Fe-2 Mn-1 Si and Fe-2 Mn-2 Si. Ac-
cording to the phase diagram of Fe-2 Mn-0.25 Si (Fig. 2b), MnO coexists
with Mn,SiO4 within a wide range of oxygen activity below the onset of
the FeO formation. Therefore, these relatively large oxides in Fe-2 Mn-
0.25 Si can be (FeO); x(MnQ),, whereas the smaller ones are Si-
containing oxides. This is similar to our previous observation that
relatively large MnO oxides were formed at the grain boundaries of Fe-2
Mn-0.25 Si after annealing at 700 °C and p(05) = 6.5 x 10 > bar for 2h
[9].

For the alloys with higher Si contents, the grain boundary oxides are
much smaller and finely dispersed. This is because nucleation of internal
oxides is easier for alloys with higher Si contents. As the silicon content
increases from 0.25 to 1 mass%, the depth of the grain boundary
oxidation shows a limited increase, while intragranular oxidation de-
velops principally. As the silicon content further raised to 2 mass%, both
the density and the depth of the intragranular oxides increase remark-
edly. The fronts of intragranular oxidation and GB oxidation almost

coincide for alloys with higher contents of Si. Interestingly, the zoomed-
in image of Fe-2 Mn-2 Si illustrates the existence of an external film-like
oxide layer of ~100 nm thickness. It is worth noting that for all the al-
loys, the oxidation degree in different grains varies to some extent, as
they have different crystallographic orientations.

Assuming oxygen diffusion as the rate-determining step for the in-
ternal oxidation of Fe-2 Mn-x Si, the extended Wagner’s model (Mei-
jering’s model) [19] would result in calculated oxidation depths of 1.13,
0.91 and 0.75 pm for Fe-2 Mn-0.25 Si, Fe-2 Mn-1 Si and Fe-2 Mn-2 Si,
respectively (taking diffusion coefficients of Mn, Si and O in a-Fe from
Ref [20-22].). These calculated depths are apparently much lower than
the experimental measurements. Therefore, oxygen diffusion co-
efficients in the studied alloys would be higher than the value in a-Fe.
Since all the mass gain curves exhibit linear growth kinetics for the first
1~2 h, the diffusion must be even higher so that it is not rate limiting.
The enhanced O diffusivity is probably attributed to the quite high
density of oxides in the silicon-containing alloy matrix and a corre-
spondingly reinforced mobility at the alloy/oxide interface [9,19].

The fine-scale external and internal microstructure of the oxides was
further characterized by TEM. Fig. 6 displays the TEM micrographs of
Fe-2 Mn after exposure to the 69 vol%Hs + 31 vol%H,0 gas atmosphere
for 2 h. A continuous oxide layer is identified on the surface of Fe-2 Mn.
The external layer has a thickness ranging from several tens of nano-
meters to several hundreds of nanometers. Internal oxides were found
dispersed inside the grains and at the grain boundaries. The selected
area diff ;raction pattern of a big GB oxide (area A) located ~600 nm
from the surface confirms that it has the wiistite phase (FeO); _x(MnO)x
[15], which agrees with the XRD results. According to the EDX mea-
surement in Fig. 6b, the external oxide layer has a much higher Fe
content than the internal oxide. The Fe/Mn ratio in the external
(FeO); x(MnO)y is as high as 3.7 for point 1, but drops significantly for
the internal oxide just ~200 nm below the surface (—0.8 for point 2). At
increasing depth, the Fe/Mn ratio in (FeO); _y(MnO)y further decreases
to —0.6 for point 3. It is expected that only MnO is present at the front of
internal oxidation, where the partial pressure of oxygen is too low to
stabilize (FeO); x(MnQO)y.

STEM observations of Fe-2 Mn-1 Si after heat treatment for 2 h at 700
°C and the corresponding elemental maps are displayed in Figs. 7 and 8.
Fig. 7 depicts the external nodule-like oxides formed near the surface
grain boundary are mainly composed of Fe, Mn and O, corresponding to
(FeO); x(MnO)y as defined previously. Fig. 8 shows the zoomed-in TEM
images and elemental maps of the external film-like oxides and the
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Fig. 5. Cross-sectional morphologies of Fe-2 Mn (&, b), Fe-2 Mn-0.25 Si (¢, d), Fe-2 Mn-1 Si (e, f) and Fe-2 Mn-2 Si (g, h) post oxidizing at 700 °C and p(03) = 2.9 x

10722 bar for 2 h.

internal oxides of Fe-2 Mn-1 Si. The oxide layer on the surface is
composed primarily of (FeO);_x(MnO)y (doped with Mn-Si-mixed ox-
ides), with a thickness of ~60 nm. Spherical Mn-Si oxides are finely
dispersed close to the surface. The formation of the fine oxides near the
surface is due to a higher oxygen activity in this region and corre-
spondingly larger driving force for nucleation. The size of Mn-Si oxides
increases with the distance from the surface, whereas their number
density decreases (Fig. 8a). Further down to the oxidation front (3—5 pm
from the surface), the internal oxides only consist of SiOj, as illustrated
in Fig. 8b. Around this region, oxides with a SiO, core and MnO shell are
also found (Fig. 8b), in contrast to the homogeneous distribution of Mn
and Si within the oxides close to the surface.

The variation in the oxide composition from the core to the shell can
be attributed to the different p(Os) for the thermodynamic

commencement of various oxides. The equilibrium oxygen pressure for
$1/8i03 (2.9 x 103 bar at 700 °C) is significantly lower than those for
Mn-rich oxide species (e.g., 4.5 x 10732 bar of the equilibrium between
Mn and MnO at 700 °C). This promotes formation of silica once the
activity of O in the matrix has increased to the value of thermodynamic
commencement for forming silica. Subsequently, Mn-rich oxides
nucleate and grow on the silica nucleus. With time, the core-shell
structure is supposed to be gradually transformed into a fully mixed
Mn-Si oxide, as indicated by the already homogeneous oxides in the
upper regions of the alloy.

3.3. Chemical analysis of the oxides

The near-surface composition of alloys plays a crucial role in the
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Fig. 6. TEM micrographs of Fe-2 Mn after exposure to the 69 vol%H, + 31 vol%H,0 gas atmosphere for 2 h at 700 °C (a, b) and the selected area diff ;raction pattern

of the internal oxide (A) in (a) and the elemental line-scan measurement in (b).

(FGO)1-x(M nO)x

1 pum

Fig. 7. Cross-sectional HAADF-STEM images of Fe-2 Mn-1 Si after exposure to the 69 vol%H, + 31 vol%H,0 gas atmosphere for 2 h at 700 °C and the elemental

maps of Fe-Ka, Mn-Ka, Si-Ka, O-Ka and C-Ku from area A.

oxygen-uptake process, i.e., the absorption of O into the metal. Hence,
the chemical states of the alloys, post selective oxidation at aforemen-
tioned conditions, were characterized using XPS to verify the composi-
tion of the oxides close to the surface.

For Fe-2 Mn, the Mn 2p3/2 peak is observed along the entire sputter
depth (duration of 2286 s, depth of about 1.1 pm) at binding energies
(BEs) from 640.6 to 641.0 eV (Fig. 9a). The minor shift of the Mn 2p3/2
BE peak in (FeO); »(MnO), regarding 640.5 eV for MnO (Ref. [23]) is
probably due to the variation of the overall Fe/Mn ratio which decreases
with depth. Besides, a small peak with binding energies ranging from
646.5~646.9 eV can also be detected within the etching duration of
2286 s, which can be ascribed to the shake-up satellite for
(Fe0); _x(MnO)y. FeaMnO4 BE peak at 639.8 eV [24] appears before 6 s
etching alongside (FeO);_x(MnO)y, but is absent after 126 s etching.

In the Fe 2p3/2 spectra (Fig. 9b), one Fe 2p3/2 BE peak at 710.7 eV is
captured at the outermost surface, assigned to FesO4 [25] and/or
FeoMnO4 [26]. The reason why before sputtering (FeO); 4 (MnO)y is
visible in the Mn 2p3/2 spectrum but not in the Fe 2p3/2 spectrum is
most likely because the (FeO);_,(MnO)y signals are masked by the very
large Fes04/FeaMnOy signals in the Fe 2p3/2 spectrum. At 6 s etching,
besides the peak at 710.7 eV a small peak at binding energy of ~709.6
eV also appears, which is attributed to (FeO); «(MnO)y (709.6 eV for
FeO in Ref. [27]). At 126 s etching, the proportion of (FeO); (MnO)y
significantly increases, and accordingly its shake-up satellite at binding
energy of ~715.3 eV becomes obvious. Biesinger et al. [28] also include

a small satellite peak in their fitting for MnO and FeO, with a value of
645.5 eV for the former of Mn 2p3/2 and 715.4 eV for the latter of Fe
2p3/2. At 468 s etching, Fe30,4 or Fe;MnO4 signals fully disappear, and
meanwhile metallic iron with BE peak at 706.7 eV [29] emerges. The
Fe/(FeQ); _(MnO)y peak-area ratios are steadily increasing until 2286 s
of etching. The external Fe,MnO, and Fez04 oxides are most likely
formed during cooling, as can be generated in Fig. 2a.

Throughout the whole sputtered depth of the alloy Fe-2 Mn-0.25 Si
(2286 s of etching), the Mn 2p3/2 spectra can be fitted using three
components, with the peaks at binding energies of 640.6~641.0 eV and
646.5~646.9 eV assigned to the core level and satellite spectra of
(FeO); x(MnO), respectively and the peak at binding energy of
641.9~642.2 eV assigned to the Mn-Si-mixed oxides (642.0 + 0.4 eV for
Mn,SiO4 reported in Ref. [30]) (Fig. 10a). The formation of the
Mn-Si-mixed oxides can be further confirmed by identifying the Si 2p
spectra.

It is illustrated in Fig. 10b that within the etching duration of 2286 s
all the Si 2p spectra are composed of a single BE peak in the range of
101.7-102.5 eV [9]. It is worth noticing that although the amount of
Mn-Si-mixed oxides is also considerable, as demonstrated by the
considerable peak-area ratios of Mn-Si oxides to (FeO); x(MnO)x in
Fig. 10a, Mn-Si oxide phase was not detected by GIXRD. This suggests
that Mn-Si oxides are mainly presented in amorphous form, which
agrees with the finely dispersed spherical particles in Fig. 8. The minor
shift of the BE peak of the Mn-Si oxide is most likely because of the
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Fig. 8. Cross-sectional HAADF-STEM micrographs of the Fe-2 Mn-1 Si alloy after exposure at 700 °C and p(O2) = 2.9 x 10~2? bar for 2 h and the corresponding maps

of Fe-Ka, Mn-Ku, Si-Ka and O-Ka from areas B (a) and C (b) in Fig. 7.
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Fig. 9. XPS spectra of (a) Mn 2ps,» and (b) Fe 2p;,, for Fe-2 Mn at various depths, after exposure to the 69 vol%H, + 31 vol%H,0O gas atmosphere for 2 h at 700 °C.

variation of the manganese-to-silicon ratio and its amorphous nature,
with the latter attributed to the change in the neighboring chemical
state, as discussed elsewhere [31-33].

The Fe 2p3/2 spectrum obtained at the uppermost surface exhibits a
single peak corresponding to FesO4, as displayed in Fig. 10c. At 6 s
etching, the core level spectrum of (FeO); x(MnO)y begins to appear,
along with its shake-up peak. At 126 s etching, metallic iron emerges,

whereas Fe;04 vanishes away entirely. The (FeO); x(MnO), amount at
468 s etching is very low, and further decreases with etching.

Spectra corresponding to Fe-2 Mn-1 Si and Fe-2 Mn-2 Si, shown in
Figs. 11 and 12, respectively, are almost identical to those of Fe-2 Mn-
0.25 Si. (Fe0), _4(MnO) related Fe and Mn XPS signals for Fe-2 Mn-1 Si
and Fe-2 Mn-2 Si are correlated to the nodule-like oxides and the film-
like oxides at the sample surfaces. The peak area ratios of
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Fig. 11. XPS spectia of (a) Mn 2ps,», (b) Si 2p and (c) Fe 2ps,» for Fe-2 Mn-1 Si at various depths, post oxidizing at 700 °C and p(O») = 2.9 x 1022 bar for 2 h.

(FeO); _x(MnO)x to Fe, for Fe-2 Mn-2 Si are larger than its counterparts
for Fe-2 Mn-1Si, demonstrating a higher proportion of (FeO); (MnO)y
for the former.

It should be noted that the presence of (FeQ);_,(MnOQ), is not
anticipated for Fe-2 Mn-1 Si and Fe-2 Mn-2 Si at aforementioned con-
ditions in this work, as demonstrated in Fig. 2¢. However, the increase in
Si content results in a higher degree of internal oxidation and a corre-
spondingly larger tensile stress, which is expected to boost the migration
of elements to the uppermost surface. The faster outward diffusion rate
of manganese [20] in comparison with silicon [21] and iron [22] and
hence the corresponding aggregation of manganese at the subsurface
facilitate the formation of the outer (FeQ);_x(MnO)y. Similarly, an un-
expected MnO was also observed on the surfaces of Fe-2 Mn-1 Si and
Fe-2 Mn-2 Si during exposure at a much lower p(Os) of 6.5 x 102 bar
[9]. Actually, Fe,SiO, (Fe-Si- or Fe-Mn-Si-mixed oxides in this case) is
also thermodynamically expected to form during isothermal exposure at
700 °C in the given gas mixture according to the phase diagram in
Fig. 2c. Unfortunately, it is difficult to distinguish Fe;SiO4 as its Fe
2p3/2 and Si 2p binding energies [34] resemble those of

(FeO); x(MnO)x and Mn-Si oxides, respectively.

3.4. Discussion

The presented results show that in the prevalent conditions, the
oxidation of all the Si-containing alloys follows linear kinetics. This in-
dicates that the rate-determining step at the initial stage which lasts
more than 1 or 2 h, is the oxygen uptake. Presence of Si in Fe-Mn based
alloys promotes both external and internal oxidation. This is observed
more prominently along the grain boundaries. For Fe-2 Mn, a small
number of scattered (FeO); x(MnO)y oxides can be observed both on the
surface and inside the alloy, with larger particles formed mainly along
the grain boundaries. The presence of a thin external (FeO); ,(MnO)y
layer is attributed to fast bulk diffusion of Mn to the surface. Although
the overall oxide growth (mainly internal) of Fe-2 Mn is beyond the
resolution limit, it is also suggested to be an uptake-controlled process
on account of the similar Fe-2 Mn-based composition and the identical
experimental conditions as those for the silicon-containing alloys. In
comparison, at lower p(Q3) of 6.5 x 102 bar and otherwise same



X. Zhang et al.

f

(Fe0),.,(MnO),~-

Corrosion Science 186 (2021) 109466

= Mn-Si oxide

@ [ ~ 0

64 s

Mn-Si oxide ==
468 s N

R ——
126 s

]

shake-up—~

0s
o

(c)

2286 s
(FeO), (MnO), = L

864 s

shake-up

652 650 648 646 644 642 640 638 636
Binding Energy, eV

106 104

102
Binding Energy, eV

100

720 718 716 714 712 710 708 706 704
Binding Energy, eV

Fig. 12. XPS spectra of (a) Mn 2p;,,, (b) Si 2p and (c) Fe 2p;,, for Fe2 Mn-2 Si at various depths, post exposure at 700 °C and p(0,) = 2.9 x 10722 bar for 2 h.

conditions [9], the external oxidation was enhanced and internal
oxidation was decreased in Fe-2 Mn. The elimination of the external
nodule-like oxides at higher oxygen partial pressure is most likely due to
an enhanced uptake rate of oxygen and hence a lesser degree of external
oxidation. For Fe-2 Mn-0.25 Si, oxides are found predominantly at GBs,
along with much finer oxides inside the grains. The presence of the outer
ridge-like (FeO); x(MnO)y oxides reveals the pronounced outward
migration of manganese and iron along the GBs. The mass increase after
2 h oxidation of Fe-2 Mn-1 Si is almost double of that of Fe-2 Mn-0.25 Si.
The depth of the GB oxidation shows only a minor increase whereas the
oxide density in the bulk increases significantly. This significant
enhancement in the density of the intragranular oxides is probably
because the increased alloying content of silicon accelerates the nucle-
ation and the subsequent growth of silicon-containing oxides. Further
raising the silicon content to 2 mass% leads to both markedly enhanced
intergranular and intragranular oxidation. Besides the facilitated
nucleation of silicon-containing oxides a markedly promoted uptake of
O has to be concluded as the principal cause for the pronounced internal
oxidation of specimens containing higher content of silicon. This is
because for all alloys a linear mass gain with time was observed.

At a much lower p(05) of 6.5 x 10™% bar [9], the external oxide
layer was determined as MnO for all the Fe-Mn based alloys (with 0-2
mass% silicon). In comparison, external (FeO); (MnO); was formed for
all the alloys at the much higher oxygen partial pressure of 2.9 x 1022
bar in this study. The iron/manganese ratio in the (FeQ); (MnO), ox-
ides decreases with depth, as depicted by the EDX results in Fig. 6,
suggesting that the formation of (FeO); ,(MnO), with higher iron
content requires a larger oxygen activity. Since the p(05) for the man-
ganese/manganese oxide equilibrium is dramatically lower than that of
iron/wiistite, manganese oxide is suggested to form first once the local
activity of O reaches its thermodynamic commencement. Further in-
crease in the oxygen activity would then lead to the subsequent oxida-
tion also of Fe in contact with MnO and hence incorporation of Fe into
the MnO lattice. As the mismatch between Fe and Mn is small in the
wiistite structure, inclusion of Fe into MnO may happen at oxygen
partial pressures well below the thermodynamic onset of FeO formation.
Based on thermodynamic calculation, Mao et al. [35] indeed found that
the computed iron concentration in (FeO); x(MnO)x rose with p(O3)
until the dissociation p(O5) of wiistite.

It is interesting to see that although the reaction kinetics of Fe-2 Mn-x
Si exhibit linear behavior in the primary phase (Fig. 1a), the external
(Fe0); _x(MnO)y layer exhibits a surprisingly high thickness, —60 nm for
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Fe-2 Mn-1 Si after 2 h of reaction (Fig. 8a). Noticeably, if transport
through the external (FeO); _(MnO), were rate limiting, then the oxide
layer had to reach its final thickness within about 3 min (based on the
thermogravimetry data, showing linear growth after 3 min at the latest,
see Fig. 1a), as otherwise there would not be linear growth kinetics.
However, the external layer formed on Fe-2 Mn-1 Si after 10 min
exposure under the same conditions exhibits a much thinner thickness,
with an overall value of less than 20 nm (see Figs. A2 and A3). This
indicates thar the oxygen uptake on the surface or at the oxide scale/
matrix interface is the rate-limiting step rather than diffusion through
the surface oxide layer. In both cases the transport through the oxide
layer has to be even faster than this uptake reaction, as otherwise the
latter would not be rate determining.

It is quite impressive that the oxide layer can provide such high rates
through the relatively thick (FeO); x(MnO)y layer of about 60 nm. This
can be ascribed to the high ionic conductivity of the layer due to the
following possible reasons: 1) the (FeO); (MnO), phase is intrinsically
highly defective at high temperatures due to deficiency in cations [19]
(at 700 °C the Fe/O ratio in Fe; 4O varies in a wide range according to
the phase diagram [36]), 2) the incorporation of Fe in the MnO crystal
introduces more vacancies into the lattice that accelerate the O diffu-
sion, 3) the tensile stress caused by the volume expansion during in-
ternal oxidation can further boost the elemental diffusion through the
external layer, 4) the number of defects in p-type oxides ((FeOQ); _x(M-
n0)y in this case) increases with increasing oxygen partial pressure [37],
5) based on the semiconductor characteristics, dissolving cations of
higher valence into the p-type oxide (i.e. doping Si into (FeQ); (M-
1n0)y) facilitates the creation of more cation vacancies and thus enhances
the concentration of ionic defects [37]. Consequently, despite the
thickness of the oxide layer, mass transport through (FeOQ); x(MnO),
does not limit the kinetics of oxidation.

On the other hand, the linear mass increase suggests O uptake as the
step controlling the reaction rate. The component and content of the
outer oxides and the difference in concentration gradient of O at the
surface/interface and just beneath the surface/interface are suggested to
be the key factors limiting the oxygen-uptake kinetics. The constant
uptake rate in the primary oxidation phase of Fe-2 Mn-x Si manifests that
the first thin oxide layer must have formed very quickly. Otherwise, the
uptake rate would change due to the progressive oxidation of the
initially bare surface. It is evident from Figs. A2 and A3 that a continuous
thin Fe-Mn oxide layer is already formed on Fe-2 Mn-1 Si after 10 min
exposure. The fast formation of the first thin oxide layer is consistent
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with the observation of an uptake-controlled process of constant rate
from the very early stage. Noticeably, the uptake-controlled process
might either take place at the oxide surface or at the interface with the
alloy. On account of the rather continuous external layers as shown in
Figs. 6-8, O uptake at the alloy/scale interface is regarded as the slowest
reaction step in the present study.

It is apparent from the aforementioned results that alloys containing
higher silicon concentration have a higher demand for uptake of O to
support their more severe internal oxidation. As long as the O uptake
remains rate-controlling, the diffusion of absorbed oxygen from the
interface to the oxidation front can be considered the remarkedly more
rapid process. This means that the concentration of oxygen just under-
neath the interface should be much lower than the thermodynamically
required concentration of oxygen for equilibrium at the alloy/scale
interface. The oxygen gradient between the oxide scale/alloy interface
and the alloy just below it plays a crucial role for the uptake process.
This gradient is proposed to be higher for alloys with higher Si contents,
considering their enhanced oxygen consumption during internal
oxidation and that Si oxidation sets in at much lower oxygen partial
pressures than Mn oxidation and that the formed Si oxides also serve as
nuclei for the subsequent formation of Mn-containing oxides.

Despite using a p(02) almost three orders of magnitude higher than
that in our previous report [2], the oxidation kinetics of Fe-2 Mn-1 Si and
Fe-2 Mn-2 Si in this study are only 3—4 times faster. This further in-
dicates that the rate-limiting step of internal oxidation is the
oxygen-uptake process at the alloy/scale interface. The enhanced oxy-
gen uptake of the respective alloys at higher oxygen partial pressure
here can be best attributed to the solid solution of FeO in the MnO layer.
Since the oxygen uptake at the alloy/scale interface is rate determining,
the highest possible mole fraction of dissolved O at the alloy interface
will be the one corresponding to the equilibrium between the scale and
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the bulk. Although this equilibrium will not be reached due to fast
diffusion, it can give an idea about the effect of the scale: the more FeO
in the MnO scale the higher the oxygen activity at the interface will be.
Therefore, facilitated O uptake for alloys containing more silicon con-
centration is correlated to the higher FeO content in the oxide layer on
their surface.

4. Conclusions

The oxidation kinetics of iron-manganese-silicon alloys (Fe-2 Mn, Fe-
2 Mn-0.25 Si, Fe-2 Mn-1 Si, Fe-2 Mn-2 Si) were analyzed at 700 °C and p
(03) of 2.9 x 10?2 bar for 2 h. The mass changes of the Fe-2 Mn-x Si
alloys were found to follow linear growth kinetics for varying Si con-
tents, indicating the uptake of oxygen as the rate-controlling step for
short-term oxidation. The morphology and composition of the external
and internal oxides were characterized in depth. An external
(FeO); x(MnO)y layer of several tens of nanometers thickness was
formed on all the alloys. Nevertheless, the external layer did not impose
diffusion inhibition on the oxygen uptake. Silicon addition to Fe-2 Mn
was found to enhance internal oxidation, particularly along the grain
boundaries for the alloys with lower Si contents. In case of Fe-2 Mn, only
small amounts of (FeO);_,(MnO)y could be detected inside the alloy.
However, for Si-containing alloys, even at a concentration of 0.25 wt.%
Si, significant and predominant GB oxidation was formed along with
very fine intragranular oxides. Further increase in the Si content led to
larger oxidation depths both inside the grains and along the grain
boundaries and denser intragranular Si-containing oxides. The observed
oxidation depths are much higher than the prediction from Meijering’s
model when diffusion coefficients from literature are used. This in-
dicates that oxygen diffuses much faster than in alpha iron, most likely
due to diffusion along the oxide/matrix phase boundary. The oxides
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Fig. A2. Cross-sectional HAADF-STEM micrographs of the Fe-2 Mn-1 Si alloy post oxidizing at 700 °C and p(Os) = 2.9 x 10722 bar for 10 min and the corresponding

maps of Fe-Ka, Mn-Ku, Si-Ka and O-Ka from area A.

Fig. A3. Cross-sectional HAADF-STEM micrographs of the Fe-2 Mn-1 Si alloy post oxidizing at 700 °C and p(03) = 2.9 x 10~ 22 bar for 10 min and the elemental

maps of Fe-Ka, Mn-Ka, Si-Ko and O-Ka from area B.

close to the oxidation front were mainly composed of SiOs, slightly
above which were mixed oxides with an outer Mn-rich oxide shell
embracing a Si-rich oxide core. Besides the easy nucleation of silicon-
containing oxides, a significantly enhanced uptake of O is the prin-
cipal cause for the pronounced internal oxidation of alloys possessing
higher silicon content. The surface oxide layer (FeO);_x(MnO)y has a
crucial influence on the kinetics at the studied annealing conditions. As
the FeO content of the oxide layer increases with more silicon concen-
tration in the alloy, the layer is suggested to facilitate the O-uptake
kinetics.
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