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Keywords: Selective oxidation of Fe2MnxSi alloys with various Si contents annealed in a gas mixture of H,/H,0 (p(03) =
Alloy 6.5x 107 2° bar at 700 °C) for 2 h was investigated. The oxidation kinetics of all the alloys followed linear
XPS growth, indicating that most likely oxygen uptake was the rate-determining step. The addition of Si into Fe2Mn
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eliminated the formation of the ridge-like MnO at the surface, mainly on the grain boundaries, but significantly
accelerated the internal oxidation especially along grain boundaries. The effects of Si on the external and in-
ternal oxidation including the morphology, distribution and chemistry of the oxides are discussed.

1. Introduction

High strength steels that normally contain small additions of man-
ganese, silicon and/or aluminum (such as Dual Phase (DP) and
Transformation Induced Plasticity (TRIP) steels) are widely used in the
automotive industry due to their desirable combination of mechanical
properties e.g. high strength and good formability [1]. To protect the
steel from corrosion and thus to achieve a long-term structural stability
during routine vehicle operation, continuous hot-dip galvanizing is
commonly applied, where the steel sheet passes through annealing
furnaces before immersion into the zinc bath [1,2]. However, although
the oxygen partial pressure level in the commonly used industrial No-
(5~20vol%) Hy-xHz0 (Pazo/P uz = 10 * to 10! [3]) annealing at-
mosphere is below the thermodynamic onset of wiistite (FeO) forma-
tion, it is still sufficient to oxidize alloying elements possessing higher
affinity to oxygen such as Mn, Si, Cr and Al.

Surface selective oxidation of the more reactive alloying elements
can adversely affect the wettability of the steel substrate during con-
tinuous galvanizing in the Zn (Al) bath [4-7]. Besides the chemical
composition the morphology of the surface oxides is crucial for the
formation of a well-developed Fe2Al5-xZnx inhibition layer. It has been
reported that at same coverage of oxides over the substrate, the smaller
oxide islands were less detrimental to the reaction kinetics than the
larger ones because the growing Fe2Al5 crystals could overgrow the
small oxide islands more easily [8]. Moreover, internal selective oxi-
dation especially along grain boundaries induced during annealing
process weakens the cohesion between individual grains and causes
embrittlement [9]. Mn is an indispensable element in high strength
steels and interestingly, its combination with certain alloying elements
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leads to a significantly enhanced grain boundary (GB) oxidation [4,9].
Consequently, an in-depth understanding of the selective oxidation of
alloying elements is extremely important for a careful design of the
annealing processes and composition optimization of high strength
steels. Beside the many works on high temperature oxidation of tech-
nical alloys possessing complex steel compositions (see e.g. [10,11]),
which complicate a clear definition of enhancing effect of certain ele-
ment combinations, only little is reported on the oxidation properties of
well-defined model systems [2,4,9].

Mao et al. [4] carried out oxidation measurements in Fe-Mn steels
with various Cr and Si concentrations at 950 °C in a gas mixture of Ar or
Ny with 5vol.% Hs and dew points ranging from —45 to 10°C. The
results showed that Fe-Mn-Cr alloys exhibited a similar oxidation mode
to that of Fe-Mn alloys and the addition of Si into the Fe-Mn-Cr alloys
led to the formation of (Mn,Fe);SiO4 both along grain boundaries and
inside grains. However, that work mainly addressed the outer scaling
and not that much internal selective oxidation. Pourmajidian et al. [2]
investigated the external and internal oxidation of 0.1C-6Mn-2Si steels
with and without Sn addition after annealing at 963 K for holding time
of 60-600 s under oxygen partial pressures ranging from 1.20 x 10~%
to 2.26 x 10°%* atm. The authors claimed that both the external and
internal oxidation followed a parabolic rate law and diffusion was ex-
pected to be the rate-determining step (in agreement with the model
proposed by Wagner [9-12]). However, the overall thicknesses of ex-
ternal selective oxidation on these steels oxidized at the oxygen partial
pressure of 7.69 x 10 atm was found to be much larger than those at
1.20 x 10~ % and 2.26 x 10'?® atm. That is obviously divergent from
the Wagner’s internal-external transformation theory according to
which at the lowest oxygen partial pressure of 1.20 x 10~%7 atm the
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external oxides should be the thickest [5]. Auinger et al. [9] studied the
selective oxidation behavior of binary and ternary iron-based alloys
containing Al, Cr, Mn and Si, and found that pronounced oxide for-
mation along grain boundaries could only be seen in the case of Al, Si or
Cr added Fe-Mn alloys. The authors attributed the enhanced GB oxi-
dation of the Fe-Mn-{Si, Al or Cr} alloys to the high redox-flexibility of
manganese’s valency states and accordingly fast ion transport in the
Mn-containing mixed oxide crystal, although no clear experimental
evidence was provided.

The underlying mechanism of the selective oxidation especially
along grain boundaries during annealing process is still not clear and
remains to be revealed. Furthermore, for relatively short-term an-
nealing processes kinetic aspects have to be expected to play an ex-
tremely important role. The analytical approach adopted by previous
researchers to estimate the kinetics of selective oxidation is based on
the extended Wagner internal oxidation theory [9-12] for ternary al-
loys, which for extended oxidation times shows a parabolic rate law.
However, to simplify the model and make analytical solutions possible,
the extended Wagner internal oxidation theory also has a number of
assumptions [13]. One important assumption is that ternary diffusional
interactions are neglected and the oxides of the alloying elements do
not form mixed oxides such as spinels. This assumption is obviously not
valid for the oxidation of Fe-Mn-{Si, Al or Cr} alloys. As a consequence,
the effectiveness of using the extended Wagner’s theory in this case and
the proposed explanations seem quite questionable. Disagreements
between the experimental observations after a short-term exposure
under low oxygen partial pressures and the relevant theoretical pre-
dictions made by the Wagner and modified Wagner models have been
reported by some literature [9,11]. The main problems identified in
these works are the limitations of the diffusivity and solubility data as
well as the oversimplicity of the model which, for instance, does not
take into account mixed oxides.

In this study, mass gain curves of Fe2MnxSi alloys with various Si
contents were obtained using a self-made highly sensitive in-situ ther-
mogravimetry, which can significantly reduce the buoyancy and fric-
tion effects. Thus much more reliable thermogravimetry signals espe-
cially for short term oxidation can be achieved. Chemical and structural
features with respect to oxide types and distributions after annealing
process were investigated by combining different analytical techniques.
The main objectives of this work are to clarify in more detail the oxi-
dation kinetics for the example of Fe-Mn-Si alloys and reveal the effect
and underlying mechanism of Si on the selective oxidation of Fe-Mn-
based alloys, especially along grain boundaries.

2. Material and methods

Fe2MnxSi alloys, denoting model alloys with 2 wt.% Mn and x wt.%
Si, with Si contents of 0, 0.25, 1 and 2 wt.%, were selected as ternary
model alloys of high strength steels. The alloys were prepared at the
Max-Planck-Institut fiir Eisenforschung GmbH (MPIE) using vacuum
melting technique followed by hot-rolling at ~1200°C. The alloy
sheets were cut into specimens with 15 mm X 10 mm X 2 mm in size. A
small hole with a diameter of 1.7 mm was drilled, where the sample
could be mounted on the quartz hook of the thermobalance. Prior to
exposure, all surfaces of the samples were ground to grit 4000 using SiC
papers and polished to a mirror finish using 1 pm diamond paste to
minimize the effect of substrate roughness on the surface analysis. All
the samples were ultrasonically cleaned in ethanol and dried in a cold
nitrogen stream.

Selective oxidation experiments were carried out at 700 °C for 2h in
a self-made highly sensitive thermogravimetry set-up, whose assembly
has been described in Ref. [14] in detail. Great care has been taken to
reduce the content of oxygen impurities below a limit of 5 ppm. A gas
mixture of Hp/H30 (98.0/2.0, v/v, +18°C dew point) with a total flow
of 301 h~! and chamber pressure of 40 mbar was employed for all the
measurements. The substituting of the inert N, gas by vacuum from the
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commonly used industrial N,-(5~ 20 vol%) Hy-xH,0 annealing atmo-
sphere can significantly enhance the signal-to-noise ratio, due to a
dramatically reduced buovancy effect especially after rapid heating
[14]. A fast heating rate of 5K s~! was employed to eliminate the in-
fluence of oxidation during heating. All process parameters e.g. mass
gain and measured temperature during exposure were recorded auto-
matically, with data collected every second. The thermogravimetry
signal from a pure iron sample prepared using the same procedures and
exposed to the same conditions was subtracted from the measurements
to eliminate the equipment error. The oxygen solubility in iron for the
first 2 h is calculated to be well below the resolution of the technique
and hence is negligible in this study. Taking the oxygen solubility re-
ported by Swisher and Turkdogan [15], the expected mass gain by
dissolved oxygen for the whole sample of 2mm thickness and for an
oxygen partial pressure of the Fe/FeO equilibrium would be less than
0.0017 mg/cm?. Of course, the oxygen diffusion depth will be much less
for 2 h. For pure iron one would get less than 0.2 mm, i.e. the mass gain
for pure iron in 2 h would be less than 0.00034 mg/cm? In our case at
the much lower oxygen partial pressure used in this work the mass gain
would even be significantly lower. Hence, the expected mass gain by
dissolved oxygen is neglected here. After the annealing process, the
samples were left in the chamber to cool down to room temperature in
the flowing gas stream. The oxidation tests for all the alloys were
performed in triplicate to ensure repeatability of the experimental re-
sults. It is worth noting that the commonly used holding time for in-
dustrially relevant annealing process prior to hot dip galvanizing is only
several minutes (e.g. ~2 min in ref. [16]). It also needs to emphasized
here that the aim for adopting an extended annealing time here is to
provide a fundamental understanding of the oxidation mechanism of
Fe-Mn-Si alloys during short-term oxidation at low oxidation partial
pressure.

Thermodynamic calculations of stable phases were carried out
based on alloy composition, oxygen partial pressure and temperature
using the FACTSAGE program (using the SGPS database). Phase struc-
tures of the oxidized alloys were identified using grazing incidence X-
ray diffraction (GIXRD) with incidence angle of 1° and power setup of
40kV/30 mA (Seifert, GE Sensing & Inspection Technologies GmbH,
Germany). Surface and cross-sectional morphologies and chemical
compositions of the oxidized samples were investigated by scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) (FE-SEM, LEO 1550 VP, Zeiss/Oxford Instruments). For better
cross-section SEM images, all the alloys were mounted with resin,
ground to grit 4000 using SiC papers and polished to a mirror finish
using 50 nm SiO; suspension. Transmission electron microscopy (TEM)
specimen was prepared using the focused ion beam (FIB) technique (FEI
Helios Nanolab 600/600i). TEM equipped with an EDX was employed
for a more detailed analysis of the microstructure especially along grain
boundaries. Elemental analyses were conducted by X-ray photoelectron
spectroscopy (XPS, Physical Electronics Quantum 2000 Scanning ESCA
Microprobe) with Al Ka excitation (hy = 1,486.6 eV). For depth pro-
filing, the oxidized surfaces of the samples were etched using an argon
ion beam of 2.0kV. Standard carbon contamination (284.6eV) was
adopted for the calibration of binding energy. Peak fitting was per-
formed using the CasaXPS software package.

3. Results and discussion
3.1. Oxidation kinetics

Fig. 1 shows the oxidation kinetics of Fe2MnxSi samples with var-
ious Si contents during annealing process. Accurate control of the
sample temperature can be achieved, with measured temperature
quickly stabilizing at the setting temperature of 700 °C after ~300s.
The thermogravimetry signals for both Fe2Mn1Si and Fe2Mn2Si alloys
exhibit a well-pronounced signal-to-noise ratio even at the very initial
oxidation stage. Accurate measurements of the oxidation kinetics can
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Fig. 1. Oxidation kinetics of Fe2MnxSi samples with various Si contents during
heating in the gas mixture of Hy/Ho0 (p(O2) = 6.5 x 1072 bar at 700 °C).

be acquired almost immediately when the target temperature is
reached. Moreover, although the resolution of the thermogravimetry
signal is ultra-high with a value of less than 10 g cm ™2, the mass gain
curves of Fe2Mn and Fe2Mn0.25Si alloys remain almost unchanged
during the whole measurements, indicating an extremely low oxide
growth, and hence are not shown here. It can be seen from Fig. 1a that
increasing the Si content in the alloy contributes to a larger mass gain.
The kinetic of the Fe2Mn1Si alloy exposed to Hz/H50 follows a linear
growth during the first 2h oxidation, with a linear rate constant k;
equal to 2.4 x 10~°mg cm ™2 s~L. The kinetics of the Fe2Mn2Si alloy
initially also show a linear growth stage, lasting from the very begin-
ning to ~4200s with a linear rate constant k; equal to 9.3 x 10~ °mg
cm~2 571, followed by rather parabolic behavior (see Fig. 1b). In view
of the linear behavior of the mass gain for Fe2Mn1Si and Fe2Mn2Si
under low oxidation partial pressure it is proposed that oxygen uptake
is the rate determining step for short term oxidation. This is discussed in
more detail in section 3.4.

For long term oxidation the kinetics will usually become parabolic,
as with depth diffusion will finally be rate determining step.
Accordingly, the exposure period was extended to 8 h to see whether
the behavior of the parabolic second stage remained constant after
further oxidation (Fig. 1b). It is shown that the slope for the A w?-t curve
(where A w refers to mass gain and ¢ refers to time) increases with time
after ~2h oxidation, and reaches to a constant value of
9.6 x 10 "mgZem™ s after ~3.5h oxidation. If the growth process
would be already fully parabolic at the end of the first two hours, we
should see the same parabolic rate continuing also for the following
hours. However, for the time between 2 h and 8 h the slope of the Aw %t
curve is clearly different. Furthermore, we do not see any significant
changes in the oxidation morphology between 2h and 8 h oxidized
samples (both on top as well as cross-section SEM analysis does not
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reveal any notable changes in morphology, as shown in Figs. 3, 4 and
A4, which could explain a change of the parabolic rate. Hence, we
conclude that in the first 1 —2 h the growth rate is definitely linear and
even at the end of the two hours not fully parabolic yet.

Actually, at low oxygen partial pressures the kinetics of oxygen (or
rather water) dissociation and/or the absorption of oxygen into the
sample surface should be very low, and thus oxygen uptake is expected
to be the rate-limiting step for oxidation at the early stage. An un-
expected lower oxygen activity on the sample surface than what is
thermodynamically expected has been shown experimentally by
Borodin et al. when investigating selective surface oxidation of Fe2Mn
alloy using in-situ XPS technique [17]. Since the diffusion lengths of
both oxygen and alloying elements into the near-surface regions are
virtually short at initial oxidation stage, it is highly likely that element
diffusion is not the rate determining step for short term oxidation. It is
also worth noting that the repeatability of the thermogravimetry ex-
periments in this work is fairly good, as shown in Fig. 1b.

3.2. Morphology and scale structure

The oxygen partial pressure-temperature phase diagrams for
Fe2MnxSi alloys with various Si contents are presented in Figs. A1-3.
The thermodynamically stable phases after oxidizing at 700 °C under
oxygen partial pressure of 6.5 X 10 2% bar are MnO + a-Fe for Fe2Mn,
MnsSiO4 + MnO + a-Fe for Fe2Mn0.258i and MnySiO4 + SiO5 + a-Fe
for Fe2Mn1Si and Fe2Mn2Si, respectively. The calculated oxygen par-
tial pressure (P(O3) = 6.5 x 10~25 bar at 700 °C) is sufficient for the
oxidation of alloying elements i.e. Mn and Si, but is well below the Fe/
FeO equilibrium. Fig. 2 shows the XRD patterns obtained from the
Fe2MnxSi alloys with various Si contents after annealing in the gas
mixture of Hy/H,0 at 700 °C for 2 h. The oxides formed on the surfaces
of the Fe2Mn and Fe2Mn0.25Si alloys are mainly composed of MnO
[18], and the oxides for the Fe2Mn18Si and Fe2Mn2Si alloys of Mn;SiOy4
[19]. Actually, there are also other oxides formed during oxidation, as
confirmed by the following observations, which are not detected by
XRD. The reason why XRD failed to detect these other oxides is prob-
ably because they are amorphous and/or the amount is too small.

Fig. 3 presents the surface morphologies of Fe2MnxSi alloys with
various Si contents after annealing in the gas mixture of Hy/H,0 at
700 °C for 2 h. For Fe2Mn, surface oxidation appears as large ridges that
outline the alloy grain boundaries, which is ascribed to MnO. The ad-
dition of Si to Fe2Mn leads to the formation of metallic Fe nodules on
the sample surfaces especially along grain boundaries. For
Fe2Mn0.258i, both MnO (Fe-16.6Mn-14.80 (at.%) for point 1) and
metallic Fe appear on grain boundaries, as confirmed by EDX (also by
TEM/EDX in Fig. A6); whereas for Fe2Mn1Si and Fe2Mn2Si, the MnO
ridges almost disappear completely (100 at.% Fe for points 2 and 3).
Meanwhile, surface morphologies become rougher and the sizes of the
Fe nodules become larger with the increase in the Si content.

The formation of the external metallic nodules as a consequence of
internal oxidation was observed firstly in silver alloys [20] and believed
to be caused by deformation phenomena [21,22]. Yet, Schimmel et al.
[23] proved the nodule formation to be independent of the loading
conditions of the material, referring to the density difference between
internal oxides and alloy as the driving force for the local stresses that
cause the diffusion of matrix material to the surface. In this work, since
the molar volume of all the thermodynamically expected oxides
(27.3cm®mol~! for Si0, when amorphous, 50.5 cm®mol™! for
Mn,SiO4 and 13.1 em® mol ~! for MnO) is significantly higher than that
for Fe (7.1 cm®mol 1), the severer selective oxidation for alloys with
higher Si leads to larger volume expansion which thus is proposed to be
the cause for a more pronounced diffusion of Fe to the upmost surface.
Yi et al. [24] reported a similar phenomenon that the internal pre-
cipitation of SiO, (and alumina) caused ejection of base metal to form
surface nodules.

Cross-sectional morphologies of Fe2MnxSi alloys with various Si
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Fig. 2. XRD patterns of Fe2MnxSi alloys with various Si contents after annealing in the gas mixture of H,/H,0 at 700 °C for 2h.

contents after annealing in the gas mixture of Hy/H50 at 700 °C for 2 h
are shown in Fig. 4. Only extremely low amounts of internal MnO
particles can be observed for Fe2Mn, all of which are located at the
near-surface region encompassing the first ~200 nm below the surface.
By comparison, a significantly enhanced internal oxidation especially
along grain boundaries occurs for Si-containing alloys. The GB oxida-
tion depth of the alloys increases with Si content, with ~4.7 um for
Fe2Mn0.25Si, ~6.6 um for Fe2Mn1Si and ~ 6.8 um for Fe2Mn28i, re-
spectively. The cross-section of the oxidized Fe2Mn0.25Si comprises a
network of sub-grain boundary oxides reaching as deep as ~ 1.6 um
below the sample surface, as shown in Fig. 4d. Some of these oxide
particles at the grain boundaries are larger than most of the other oxide
particles at grain boundaries. These relatively large GB oxides are
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attributed to MnO, as clearly illustrated by the EDX mappings in Fig.
Ab6a. As mentioned, when the Si content in the alloy increased from
0.25 wt.% to 1 wt.%, besides the GB oxidation both the depth and the
density of the oxides inside grains also increase distinctly. However, the
oxidation degree in some grains is markedly lower than that of others,
as shown in Fig. 4e, which is probably due to their special crystal or-
ientations. When the Si content further increased from 1 wt.% to 2 wt.
%, the depth of the GB oxidation exhibits only a quite limited increase
(if at all) and intracrystalline oxidation develops primarily. The line-
scan measurement in Fig. 4g shows that Mn is enriched in the outer sub-
surface of Fe2Mn2Si, while Si-rich oxides are found in the inner sub-
surface and mainly Mn-Si mixed oxides (probably Mn,SiOy) in the grain
boundaries. According to previous literature, for Fe-Si alloys with

Fig. 3. Surface morphologies of Fe2Mn (a, b), Fe2Mn0.258i (c, d), Fe2Mn18i (e, ), Fe2Mn2Si (g, h) alloys after annealing in the gas mixture of H,/H»0 at 700 °C for

2h.
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Fig. 4. Cross-sectional morphologies of Fe2Mn (a, b), Fe2Mn0.25Si (c, d), Fe2Mn1Si (e, f) Fe2Mn28i (g, h) alloys after annealing in the gas mixture of H,/H,0 with

pO, of 6.5 x 10”2 bar at 700°C for 2h.

silicon contents less than 2 at.%, the shape of the SiO particles formed
during selective oxidation was spherical [25], while for alloys with
larger silicon contents, dendritic SiO5 particles started to appear [26].
Accordingly, it is highly likely that the dendritic oxides formed in the
inner oxidation zone of Fe2Mn2Si are SiOs.

Internal precipitation of ternary oxides is a frequently reported
phenomenon, and it can be treated theoretically by using the extended
versions of Wagner's theory. For instance, Meijering created a model for
the calculation of the internal oxidation depth with two precipitate
zones assuming immobility of the alloying element and very low pro-
duct of solubility of its oxides [27]. Using Meijering’s model, the cal-
culated oxidation depths for the alloys and annealing conditions used in
this work would be 0.51 pm, 0.29 ym and 0.23 um for Fe2Mn0.258i,
Fe2MnlSi and Fe2Mn2Si, respectively. The cross sections of the

annealed (Fig. 4) clearly show markedly larger oxidation depths for all
samples. The main reason for this huge discrepancy certainly has to be a
much higher diffusion coefficient in the alloys investigated here (or
rather in the internally oxidized alloys, due to a most likely faster dif-
fusion e.g. at the oxide/metal interfaces) than the one valid for oxygen
in pure iron. And since our experimental data show a linear dependence
of oxidation on time, the diffusion has to be even that high, that it is not
rate determining for roughly the first two hours. This means that we
cannot use the diffusion constants for pure alpha iron here and also no
model that assumes diffusion as being the rate determining step. Fur-
thermore, the diffusion coefficient of manganese in pure alpha iron at
700°C (5.6 x 10~ ® m? s ! [28]) is not negligible compared to that of
oxygen (4.5 x 1072 m? s~ [29]). Although the diffusion coefficient
for oxygen has to be much higher in our case, Mn enrichment is to be
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Fig. 5. TEM image of the cross-section of the Fe2Mn2Si alloy annealed in the gas mixture of Ho/H,O at 700 °C at an oxygen partial pressure of 6.5 x 10~ 2° bar for 2h
(a) and zoomed selective areas in the bulk (b) and along the sub-grain boundary (c, d).

expected, which we indeed observe.

A more detailed characterization of the microstructure of Fe2Mn25i
after the annealing process is presented in Fig. 5. It can clearly be seen
from the TEM image (Fig. 5a) that interrupted film-like oxides with
dozens of nanometers thickness appear at the upmost surface, along
with selective internal oxidation both in the bulk and along grain
boundaries. The selected oxide particle in the bulk ferrite yields
amorphous diffraction ring, indicating that it has an amorphous struc-
ture (Fig. 5b Interestingly, although the inner region of the selected sub-
grain oxide is also amorphous, its external region adjacent to the matrix
becomes crystalline, as illustrated in Fig. 5¢ and d. The HRTEM image
of the external region of the oxide suggests a plane distance of 0.25 nm,
which corresponds to the lattice plane (112) of Mn,SiO4 phase [19].
The presence of Mn,SiO4 coincides with the XRD results.

Fig. 6 displays the TEM cross-sectional micrograph of the outer
oxidation region of Fe2Mn2Si after annealing in the gas mixture of Hy/
H50 at 700 °C for 2 h and corresponding mappings of Mn, Si, Fe and O.
The surface oxide layer is mainly composed of flat Mn oxides, with trace
amounts of Si distributed in the oxides. These external oxides can be
probably best ascribed to SiO; (and/or Mn,SiO,4) doped MnO. Mean-
while, the GB oxide network is rich in both Mn and Si, with the two
elements relatively evenly distributed in some of the oxides. Interest-
ingly, a group of GB oxides shows a layered structure composed of a Si-
rich oxide core and a surrounding Mn-Si mixed oxide shell being
identified as SiO; and Mn,SiOy4 respectively, as partially marked by
white dotted circles. A similar layered structure can be observed for

some Mn-Si mixed oxides in the bulk, as partially marked by red dotted
circles. Besides the Mn-Si mixed oxides a number of SiO, particles are
also formed inside the grains, as partially marked by pink dotted circles.

Fig. 7 shows the TEM cross-sectional micrograph of the inner oxi-
dation region and corresponding mappings of Mn, Si, Fe and O. The
inner GB oxide network also comprises both Mn and Si, while all the
particles in the deeper bulk consist of SiO; only. The magnified ele-
mental maps for the selected GB oxidation region clearly display the
difference in the composition of the oxide from its center to its shell. It
is worth noting that such a layered structure of the Mn-Si oxides cannot
be observed for Fe2Mn0.258i, as displayed in Fig. A6, which is in ac-
cordance with the phase diagram in Fig. A2 where no SiO; should be
formed under the conditions of interest.

3.3. Elemental analysis of the oxide scales

The near-surface chemistry of the alloys after annealing process, i.e.
especially the oxide at the surface, is extremely important for reactive
wetting during the following galvanizing step and might also play an
important role in the growth of the internal oxides, if it has an effect on
oxygen uptake. Concerning the latter, it is obvious from our results that
the oxygen uptake has to increase with the amount of alloying ele-
ments, especially silicon. An assumption is that the ternary phase
boundary silica/metal/gas phase might enhance the oxygen uptake.
Hence, the composition and the quantity of the external oxides is ex-
pected to play a role. Also, as long as diffusion is not rate determining,



X. Zhang, et al.

Corrosion Science 174 (2020) 108859

Fig. 6. TEM cross-sectional micrograph of the
Fe2Mn2Si alloy (upper part) annealed in the
gas mixture of H,/H,O with oxygen partial
pressure of 6.5 x 10™2° bar at 700°C for 2h
and corresponding mappings of Mn, Si, Fe and
O. Many GB oxides exhibit a layered structure
with a Si-rich oxide core and a surrounding
Mn-Si mixed oxide shell, as partially marked
by white dotted circles. A similar layered
structure can be observed also for in-
tracrystalline Mn-Si mixed oxides, as partially
marked by red dotted circles. Si-rich oxides are
also formed in the bulk, as partially marked by
pink dotted circles (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).

Fig. 7. TEM cross-sectional micrograph of the Fe2Mn2Si alloy (inner part) annealed in the gas mixture of H,/H,0 with oxygen partial pressure of 6.5 X 10~ 2 bar at

700°C for 2 h and corresponding mappings of Mn, Si, Fe and O.

all O that enter the alloy at the surface will quickly diffuse to the oxi-
dation front. With the uptake being rate determining this means that
the concentration just below the surface should be well below the
thermodynamically expected oxygen concentration in equilibrium with
the gas phase and this is expected to be the more the case the higher the
concentration of alloying element. As the uptake can be expected to be
proportional to the difference in chemical potential of oxygen on the
surface and just below the surface, this lower O concentration and the
correlated lower chemical potential should lead to a higher uptake rate.
Thus, the composition and the quantity of the internal oxides is also
proposed to play a role. For these reasons, the chemical states of the

oxidized alloys were analyzed by means of XPS to obtain information
about the composition and distribution of the oxides formed at the
surface and internally during the annealing process.

Fig. 8 shows the XPS sputtering depth profiles of Mn 2ps,», Si 2p and
Fe 2pa,, for the Fe2Mn0.258i alloy annealed in the gas mixture of Hp/
H,0 with an oxygen partial pressure of 6.5 x 10~2% bar at 700°C for
2 h. For the whole sputtering process (duration of 2286s, depth about
1.1 pm), all the spectra of Mn 2p3,» can be fitted into two components,
MnO at a binding energy of 640.5eV [30] and Mn,SiO,4 at binding
energies ranging from 641.7-642.0 eV [31,32] (Fig. 8a). Although the
Mn,SiO,4 concentration seems even larger than that of MnO, as can be
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Fig. 8. XPS sputtering depth profiles of Mn 2ps, (a), Si 2p (b) and Fe 2p5,, (c) for the Fe2Mn0.258i alloy annealed in the gas mixture of Hy/H,O at 700 °C for 2 h.

derived by comparing their peak areas, no Mn;SiO4 can be detected by
XRD analysis. This indicates that quite an amount of Mn,SiO4 exists as
amorphous form. The variation of the adjacent chemical state e.g. the
change in the proportions of the non-bridging oxygen atoms would
result in the slightly shift of the Mn 2ps,» binding energy in the
amorphous MnySiO4. The chemical shift in the core level binding en-
ergy for amorphous phases is an intensely discussed observation
[33-35]. It is also worth noticing that although the binding energies of
Mn,03 and MngO4 reported in some literature may also fall in the in-
terval of 641.7 ~642.0 eV [30,36], they are unlikely to form in this case
as the oxygen partial pressure under conditions of interest is several
orders of magnitude lower than the onset of the MnO/Mn304 equili-
brium (not to mention the Mn304/Mny03 equilibrium). Meanwhile, the
peak area ratios of Mn;SiO4 to MnO increase with sputtering time, in-
dicating that the fraction of MnO decreases whereas the fraction of
Mn,Si0, increases from the surface to the matrix. The formation of
Mn,SiO, can be further verified by studying the core level spectra of Si
2p.

It is shown in Fig. 8b that the Si 2p spectra can be fitted into one
peak at binding energies ranging from 101.3-102.2 eV. Again, the shift

of the Si 2p binding energy is ascribed to the variation of the adjacent
chemical state of the amorphous Mn,SiO,. For the Fe 2py,5 spectra, a
single Fe 2p3,, peak with binding energy at ~710.7 eV is recorded at
the upmost surface, which is ascribed to Fe3O,4 [37]. The Fe 2pg/s
spectrum after 6s sputtering has two peaks at binding energies of
~710.7 eV and ~709.4 eV, corresponding to Fe304 and FeO [38], re-
spectively. After 126 s sputtering, no Fe30, signal can be observed any
more, while metallic Fe with binding energy peak at 706.9eV [39]
begins to appear alongside FeO. The amount of FeO is negligible after
846 s sputtering. Only metallic Fe can be detected after further sput-
tering. The Fe oxides are actually formed during cooling process, be-
cause Fe is thermodynamically expected to be oxidized at lower tem-
perature only (roughly below 300 °C) and remain metallic at higher
temperatures, as shown in Fig. A2. The extremely thin Fe oxide layer
further reflects the stability of metallic Fe at the experimental tem-
perature of 700 °C.

Fig. 9 shows the XPS sputtering depth profiles of Mn 2p5,», Si 2p and
Fe 2p3,5 for the Fe2Mn1Si alloy annealed in the gas mixture of Ha/H50
with an oxygen partial pressure of 6.5 x 10~2° bar at 700 °C for 2 h. As
can be seen Mn»Si0, appears during the sputtering process (duration of

(a) i+ Mn,SiO0, (b) oo Mn,SiO, (c)
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Fig. 9. XPS sputtering depth profiles of Mn 2p3,» (a), Si 2p (b) and Fe 2p3,, (c) for the Fe2Mn1Si alloy annealed in the gas mixture of H,/H,0 at 700 °C for 2 h.
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5706 s), with binding energies ranging from 641.7-642.2 eV for the Mn
2pa,» spectra (Fig. 9a) and from 101.3-102.2 eV for the Si 2p spectra
(Fig. 9b). Except for the Mn,SiO4 peak, also the MnO peak with binding
energy at 640.5eV appears both on the upmost surface and after 6s
sputtering, but disappears after 126 s sputtering, as shown in Fig. 9a.

For the Si 2p spectra (Fig. 9b), a peak with binding energy at
~100.2 eV can be observed accompanied with the Mn,SiO4 peak before
126 s sputtering, probably corresponding to SiO, which embedded in
the outer MnO. After 486 s sputtering, the (Si05),(MnO),_, peak com-
pletely disappears and a peak with binding energy at 103.0 eV begins to
appear, which is identified as SiO, [40]. The downward shift of the Si
2p binding energy for SiO; embedded in other amorphous oxides has
also been reported previously [34,35]. Mekki et al. [34] studied the XPS
spectra of a series of (SiOg)g7.x(Naz0)g3(Fes03), (0 <x < 0.18)
glasses. The results showed that the Si 2p peaks shifted to lower binding
energies as more Fe was substituted for Si into the glass and a Si 2p peak
with binding energy at ~101.1 eV could be observed when x equaled to
0.18. It is foreseeable that a further increase in the x value would lead
to a further downward shift of the Si 2p binding energy. Veal et al. [35]
also found a similar shift to lower binding energy for the Si 2p level
when studying the Na;0-Ca0-SiO- system and the authors attributed
the downward shift to the Si atoms that bonded to non-bridging oxygen
atoms. The suitability to ascribe the Si 2p peak at ~100.2 eV to (SiO3)y
(MnO),_, can be strengthened by its appearance at the same sputtering
time as MnO (Fig. 9a).

It is shown in Fig. 9c that the Fe2p,» spectra of Fe2Mn18Si are quite
similar to those of Fe2Mn0.25Si. A single peak with binding energy at
~710.7 eV appears at the upmost surface, corresponding to Fe304. The
spectrum obtained after 6 s sputter reveals the presence of Fe;0, and
FeO. After 126 s sputtering, metallic Fe signals begin to appear. After
486 s sputtering, Fe30,4 and FeO signals disappear completely, and only
metallic Fe information can be observed. Actually, Fe,SiO, is also
supposed to form during cooling, based on thermodynamic calculation.
However, since the Si 2p and Fe 2p3,5 binding energies of Fe,Si0O4 [41]
resemble those of Mn,SiO4 and FeO, respectively, it is difficult to dis-
tinguish it.

The XPS spectra of Fe2Mn2Si annealed at 700 °C for 2h are quite
similar to those of Fe2Mn1Si, but exhibit a deeper MnO and (Si0;),
(MnO)1.y, as displayed in Fig. 10. The increase in the thickness of the
MnO surface layer for Fe2Mn2Si is probably because higher tensile
stress caused by severer internal oxidation boosts the outward diffusion
of Mn and hence an enhanced accumulation of Mn at the near-surface.
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The appearance of the Si 2p peak at ~100.2 eV at the same sputtering
time as when MnO appears further confirmed the suitability to attribute
this peak to (Si02)x(MnQO); 4.

It is worth mentioning that the formation of MnO is thermo-
dynamically not expected for Fe2Mn1Si and Fe2Mn2Si under the con-
ditions of the experiment, as shown in the oxygen partial pressure-
temperature phase diagram in Fig. A3. However, the accumulation of
Mn and the relatively high Mn/Si ratio at the near-surface thermo-
dynamically make it possible to form external MnO during the an-
nealing process. It is known that the diffusion coefficients of both Mn
and Si are significantly larger than that of Fe in ferrite [28,42,43].
Accordingly, driven by the oxygen potential gradient, both Mn and Si
can diffuse outwards with a quite high rate. Since the oxygen partial
pressure required for forming SiOs is several orders of magnitude lower
than that for MnO, Si will be oxidized during its way to the surface
where the oxygen activity is high enough to form SiO,, retarding the
accumulation of Si in the external regions. The line-scan measurement
shown in Fig. 4g and the elemental maps shown in Fig. 6 also indicate
the enrichment of Mn at the external surface, both of which are con-
sistent with the XPS depth profile results.

3.4. Discussion

The above experimental results show that the addition of Si into the
Fe2Mn alloys significantly promotes the selective internal oxidation
especially along grain boundaries, and the overall oxidation rate sig-
nificantly increases with the Si content. Contrary to the general belief
that diffusion is the rate-determining step even for relative short-term
annealing process of 60 s~2h under low oxidation pressures [1,2,9],
our highly sensitive in-situ thermogravimetry measurements reveal that
both the Fe2Mn18Si and Fe2Mn2Si alloys (at least initially) follow linear
growth and thus oxygen uptake is probably the rate-controlling step. As
is well known, the initial oxidation process can be divided into five
steps: 1) reactant gas molecules approach the surface and 2) become
adsorbed there and the adsorbed molecules then dissociate to form
adsorbed oxygen, which eventually gets absorbed into the metal, 3) the
absorbed oxygen diffuses in the metal where it 4) reacts with alloying
elements to form an oxide nucleus which then 5) further growth
alongside with further oxide nuclei formation. The first two steps refer
to gas mass transport and oxygen uptake, respectively. If step 1) was the
slowest process, all alloys investigated here should exhibit the same
oxidation kinetics. This is definitely not the case in this study. Step 3) is
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Fig. 10. XPS sputtering depth profiles of Mn 2p3,, (a), Si 2p (b) and Fe 2p3,» (¢) for the Fe2Mn2Si alloy annealed in the gas mixture of Hy/H,O at 700 °C for 2 h.
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Fig. A3. Oxygen partial pressure-temperature phase diagram for Fe2Mn1Si and Fe2Mn2Si (where SiO; (s) =beta-quartz, SiO, (s3) = alpha-quartz, SiO, (s7) =

tridymite).

the rate-limiting step normally in the case of a parabolic mass gain.
Especially step 4) could possibly also cause linear kinetics, but a low
nucleation rate alone would also mainly cause a much deeper internal
oxidation than to be expected (because only little oxygen is consumed
while diffusing further into the bulk), which quickly should result in
diffusion-controlled transport. Hence, step 2) is definitely the most
likely rate-determining step for the linear growth of the alloys here.
Although the mass gain signals of Fe2Mn and Fe2Mn0.258Si are too low
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to be detected, oxygen uptake is also supposed to be the rate-limiting
step for the selective oxidation of the two alloys due to the quite similar
alloy compositions and exactly the same annealing atmosphere as those
for Fe2Mn1Si and Fe2Mn2Si.

For Fe2Mn external MnO appears as large ridges that outline the
alloy grain boundaries, whereas only little internal oxidation can be
observed after the annealing process. This can be attributed to fast Mn
outwards diffusion along the surface grain boundaries. For
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Fig. A4. SEM morphologies of the Fe2Mn2Si alloys after annealing in the gas mixture of H,/H,0 at 700 °C at an oxygen partial pressure of 6.5 % 10~ >° bar for 8 h.

Fe2Mn0.25Si selective internal oxidation is mainly present along grain
boundaries as well as sub-grain boundaries, both of which mainly
consist of Mn,Si0,4, alongside some relatively large GB oxides corre-
sponding to MnO. For Fe2Mn1Si, the oxidation depth and the oxide
density both in the bulk and along grain boundaries increase re-
markably. A further increase in the Si content from 1 wt.% to 2wt.%
has no obvious effect on the oxidation depth in general, but notably
enhances the oxide density inside the grains. This may indicate that
nucleation of silica at low Si content is easier at the grain boundaries
than inside the grains, but is facilitated inside the grains by higher Si
contents.

According to the TEM observations (see Fig. 7), SiO5 is supposed to
be the first oxide to form at the grain boundaries, followed by the
formation of the Mn;SiO4 shell, which clearly demonstrates the role of
the silica for nucleation of Mn oxides. Seyed-Mousavi et al. [1] also
found a similar structure with SiO, as the core and MnSiOs as the shell
when heat-treating Fe-0.1C-2Mn-1.3Si (wt.%) under low oxygen partial
pressures. The authors claimed that the preferential formation of SiO,
was because of its higher thermodynamic stability in comparison with
MnO and Mn-silicate species and a near-zero solubility product in fer-
rite in comparison with MnO (with solubility products of 11.22 (ppm)?
for MnO [44] and 7.2 x 10™° (ppm)*® for SiO, [44], respectively).
However, it seems that neither of the two reasons proposed by the
authors is convincing. A phase with the highest thermodynamic stabi-
lity does not mean that it would form in the first place. Besides ther-
modynamic factors kinetics play an extremely important role for the
nucleation and growth of phases, and the preferential formation of
metastable phases with relatively low Gibbs free energy before the final
stable phases often occurs during solid-solid phase transformations to
reduce the phase transition resistance. Additionally, the solubility
product of Mn-silicate species in ferrite (4.8 x 105 (ppm)’ for
Mn5SiO,4 [45]) is even more negligible than that of SiOy. The pre-
ferential formation of SiO5 is most likely because the oxygen pressure
for the Si/SiO, equilibrium (2.9 x 1073 bar at 700 °C) is significantly
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lower than that required for forming MnO (4.5 x 1032 bar at 700°C)
and Mn-silicate species and accordingly SiO, starts growing first as soon
as the oxygen activity in the alloy reaches to the onset of the Si/Si0O,
equilibrium. With extending the oxidation time, the oxygen activity in a
certain position increases to values that are high enough for the for-
mation of Mn-silicate species, i.e. mainly Mn;Si0Q,4 in this work, and
Mn,Si0,4 begins to appear subsequently. It has been widely acknowl-
edged that nucleation tends to occur on defect sites such as oxide
particles, grain boundaries and other heterogeneities to lower the cri-
tical nucleation energy [46]. The easier subsequent formation of MnO
and mainly MnySiO4 on the SiO, substrate may probably also be at-
tributed to the similar crystal structures of SiOy [47] and MnySiO4 [19]
in both of which each silicon atom is covalently bonded in a tetrahedral
manner to 4 oxygen atoms and thus a further reduced surface energy
barrier for the nucleation of Mn,SiO, on the initially formed SiO,
phase. The original SiO; core may be gradually transformed into
Mn,Si0,4 with time, which could be verified by the even distribution of
Mn and Si in some Mn,SiO,4 oxides (Fig. 6). As for Fe2Mn0.258i ther-
modynamically no SiO, should be formed, it is maybe not surprising
that the core-shell structure of the Mn-Si oxides was not captured in this
work. But there still exists a possibility that the SiO, seed are formed
transitorily, which may in turn serve as nucleation site for Mn3SiO4.
Interestingly, a layered structure composed of a Mn,SiO4 core and a
MnO shell can be observed in Fig. A6, which further indicates that the
preferentially formed oxide facilitates the subsequent formation of the
more noble one (thermodynamically onset of the oxygen partial pres-
sure: Si0O5 < Mn;Si04 < MnO).

It is worth noting again that oxides have a tendency to form along
grain boundaries. One reason could be an overall higher oxygen activity
at the grain boundaries than in the bulk matrix at the same depth from
the surface. Another one certainly is that grain boundaries in compar-
ison with the bulk matrix exhibit larger energy, structural and con-
stituent fluctuations which are beneficial both for the nucleation and
growth of new phases. It should be pointed out that besides alloying
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elements and annealing parameters, surface machining process and
surface roughness of alloys also play a role in the morphology, thickness
and distribution of the external oxides after annealing process. The
samples used in this work were all polished to a mirror finish to largely
remove the processing stress and hence the difference between the
surface energies of the grain boundary and the bulk can be highlighted.
Actually, we found that external oxides were more evenly distributed
on the sample surface for Fe2Mn with relatively large surface rough-
ness.

As mentioned above, the external oxides play an important role in
the hot-dip galvanizing process where the external oxides adversely
affect the wettability of the steel in the zinc bath. However, in how far
our results can provide information on the hot-dip galvanizing behavior
is unclear, as the time scale for recrystallisation prior to hot-dip gal-
vanizing is much shorter. Noticeably again, the general picture of the
annealing process before galvanizing of alloys is based on the Wagner’s
internal-external transformation theory, i.e., external oxidation at low
dew point whereas internal oxidation at high dew point [5]. This theory
is definitely applicable in many cases, but for alloys with relatively high
amounts of certain alloying elements this simplified Wagner theory
often exhibits large divergence from the experimental observations [2].
Furthermore, the external oxides are certainly important for oxygen
uptake: obviously there is an enhanced uptake rate with the increase in
the Si content. A small addition of Si can eliminate the external ridge-
like MnO oxides, which is probably beneficial for the subsequent gal-
vanizing process, but further increase in Si results in an enhanced ex-
ternal oxidation even again by MnO, most likely due to stress promoted
Mn outwards diffusion. Concerning oxygen uptake, two possible ex-
planations for the enhanced oxygen uptake with enhanced silicon
content might be the increase in the ternary phase boundary oxide/
metal matrix/gas phase (and also changes of its composition) as well as
the higher difference in chemical potential of oxygen on the surface and
just below the surface.

4. Conclusions

Selective oxidation of Fe2MnxSi alloys with various Si contents
formed during annealing at 700 °C at an oxygen partial pressure of p
(03) = 6.5 x 102 bar (adjusted by a Hy/H,0 gas mixture) for 2 h has
been investigated. The oxidation kinetics of the Fe2MnxSi alloys with

various Si contents followed linear growth, indicating that oxygen
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uptake was probably the rate-determining step for short-term oxidation.
For Fe2Mn, selective oxidation of Mn took place mainly at the surface,
forming ridge-like MnO presented along the surface grain boundaries.
The addition of Si into Fe2Mn, even at the very small concentration of
0.25 %Si, eliminated the formation of the external ridge-like MnO and
tremendously accelerated the internal oxidation of the alloys especially
along the grain boundaries. The grain boundaries for the Si-containing
alloys were mainly composed of Mns;SiO4, with some relatively large
MnO particles also for Fe2Mn0.25S8i. The depth and the density of the
oxides both in the bulk and along the grain boundaries increased with
the Si content, with more oxides corresponding to Mn,SiO4 and SiO,
observed inside the grains. The intracrystalline Mn,SiO4 mainly ex-
hibited a structure with an outer Mn,SiO,4 shell embracing a SiO, core
as that along the grain boundaries for Fe2Mn28Si. Some MnO was also
formed on the upmost surfaces of Fe2Mn1Si and Fe2Mn2Si, although
thermodynamically not expected, however, only as extremely thin
layers.
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Fig. A5. SEM morphologies of the Fe2Mn alloys after annealing in the gas mixture of H,/H,0 at 700 °C at an oxygen partial pressure of 6.5 x 10~ 2° bar for 3 min.
The external ridge-like MnO is quite obvious after 3 min exposure, which is close to the time scale for recrystallisation prior to hot-dip galvanizing.
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Fig. A6. TEM cross-sectional micrograph of the Fe2Mn0.25Si alloy annealed in the gas mixture of H2/H,O with oxygen partial pressure of 6.5 x 10~ bar at 700 °C
for 2 h and corresponding mappings of Mn, Si, Fe and O. (b) illustrates the region near the oxidation front.
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