Highlights

e Effects of heat-treatment on the initial stages of oxidation are studied at 650 °C

e Age-precipitation of Laves phase blocks the fast diffusion of Mn to the oxide scale

e Interfacial Si oxidation at different precipitates is followed in real time
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Abstract

Microalloying of stainless steel with reactive elements increases oxidation resistance but
makes the alloy prone to microstructural changes. XPS results reveal changes in the initial
oxidation mechanism on Ti—Nb stabilized ferritic stainless steel (EN 1.4521) after 120 h
heat treatment at 650 °C. Age-precipitation of (FeCrSi),(MoNb)-type Laves phase resulted
in less pronounced surface segregation and oxidation of microalloying elements. Si oxidizes
preferentially at the Laves precipitate locations via outward diffusion forming diffusion
barrier for the other scale forming elements. Most significantly the diffusion of Mn and the

formation of low volatile (Mn,Cr);04 spinel oxide at the surface was strongly suppressed.

Keywords: A. stainless steel; B. XPS; C. interfaces; C. segregation; C. oxidation



1. Introduction

High-temperature corrosion resistance of ferritic stainless steels (FSSs, Fe—Cr based alloys)
is built upon the formation of protective oxide scale consisting of Cr,O3-based outer layer
and amorphous SiO; at the scale/alloy interface [1]. Unfortunately, Cr,0O; reacts with
oxygen and water releasing Cr vapors, which eventually leads to corrosion under moist
high-temperature operation conditions [2,3]. In particular, Cr vaporization has been
identified as the most significant failure mechanism in solid-oxide fuel cells (SOFCs)

limiting the use of FSSs as interconnect material [4].

In SOFC applications Cr volatilization has been mitigated by coating FSS interconnects
with a layer of Cr-free spinel oxide, for example, (Mn,Co);0,. Alternatively, it is possible
to reduce Cr,0s5 activity by alloying steel with < 1 wt.% Mn that induces the formation of
low volatile Mn-rich (Mn,Cr);04 spinel oxide on top of the Cr,O5 during the early stages of
oxidation [5]. Thus, the development of alloys that form protective oxide scale under
specific corrosive environment requires careful analysis of oxidation mechanism and

optimization of alloying additions [6—8].

Increasing degree of alloying makes the steel prone to the precipitation of secondary phases
such as carbonitrides and intermetallic Laves phases (e.g., Fe;Nb) [7,9], which can affect
both the mechanical and surface properties. Similar to high-temperature oxidation also
secondary phase formation involves diffusion processes that are strongly influenced by the
temperature. Therefore, it is of utmost importance to test material properties at the correct

application temperature. SOFCs typically operate between 600—-800 °C [10,11], albeit there



is a strong demand to lower the operation temperature below 500 °C [12,13]. Such a
temperature range is rather wide in terms of material selection and alloy development.
Regarding oxidation, at 800 °C high-Cr FSSs form protective Cr,O3 oxide scale but at
temperatures below 600 °C the diffusion of Cr is not necessary sufficient and Fe-rich non-
protective oxide scale can form instead [14]. Moreover, we recently showed that the
segregation of microalloying elements (Si, Nb, Ti) initiates at ~550 °C and is strongly
temperature dependent [15]. In terms of secondary phase formation, the stability and
composition of secondary phase particles depend on the temperature, for example,
Niewolak et al. showed that Si content of Laves phase was nearly doubled when
temperature was decreased from 800 to 700 °C [16]. Incorporation of Si into the Laves
phase increases the electrical conductivity of the oxide scale which is an advantage in

SOFC interconnect application [17].

Dislocations and grain boundaries provide favorable nucleation sites for secondary phase
particles but are also fast diffusion paths for oxide scale forming elements, in particular, Cr
and Mn [18]. The precipitation of Laves phase at these defects has been suggested to hinder
the diffusion along the fast diffusion paths, and may affect the oxide scale growth
mechanism and composition [19]. The diffusion of Mn in Cr,05 is about two orders of
magnitude faster than Cr, and therefore, Mn-rich oxide forms during the early stages of
oxidation at the surface [20]. On the contrary, diffusion through amorphous SiO, that forms
at the oxide scale/alloy interface is kinetically constrained which reduces the oxidation

rate [1].



In the present study, we show a change in the initial oxidation mechanism at 650 °C on Ti—
Nb stabilized FSS (EN 1.4521) upon 120 h heat treatment at 650 °C. The X-ray
photoelectron spectroscopy (XPS) analysis of surface segregation and oxidation under
controlled ultra-high vacuum (UHV) conditions reveal that age-precipitation of
(FeCrSi),(MoNb)-type Laves phase results in reduced surface segregation and oxidation of
minor alloying elements. The use of synchrotron radiation mediated photoemission electron
microscopy (PEEM) allowed us to follow oxide film formation in real time on individual
precipitates at low pO,. The results show that Si oxidizes preferentially at the Laves
precipitate locations via fast outward diffusion forming a diffusion barrier for the
subsequent growth of oxide scale. Most significantly the diffusion of Mn and formation of

low volatile (Mn,Cr);0,4 spinel oxide at the surface was compromised.

2. Experimental

The investigated EN 1.4521 ferritic stainless steel was supplied by Outokumpu Stainless
Oy (Tornio, Finland). The bulk composition and calculated equilibrium composition at 650
°C for the investigated steel are shown in Table 1. The equilibrium composition was
determined by the Thermo-Calc® software and TCFE7 database. Disk-shaped samples (1
mm thick, diameter of 9 mm) were cut from a cold rolled, heat treated, pickled and skin
passed sheet (i.e. 2B surface finish). The first sample was initially aged in an Ar
atmosphere at 650 °C for 120 h in order to induce precipitation of the (FeCrSi),(MoNb)-
type Laves phase. The sample, denoted as "AGED" in the results below, was then water

quenched and polished to mirror finish prior to analysis. Before polishing, the heat-tint



oxide and Cr/Mn-depleted layer were removed by grinding, and the glow discharge optical
emission spectroscopy (GDOES) analysis was applied to verify that the elemental
composition had not changed upon the heat treatment. The microstructure of the AGED
sample was previously reported in Ref. [21]. Another sample without any heat treatments,

denoted as "NOT-AGED", was grinded and polished to mirror finish before analysis.

Oxidation experiments in ambient air were carried out ex sifu by placing the samples
directly into a tube furnace at 650 °C for 30 min. Then the samples were removed from the
furnace and let to cool down freely followed by the PEEM analysis and XPS depth

profiling.

Oxidation experiments at low pO, were carried out in situ in two separate surface analysis
systems under controlled UHV atmosphere with base pressures below 1 x 108 Pa. After
loading the samples into the system, atmospheric impurities and native oxides were first
removed by cycles of 2.0 keV Ar" ion sputtering at 25 °C and subsequent flash annealing at
800 °C. After the final sputtering cycle before an oxidation experiment the sample was
annealed at 650 °C for 5 min. Oxidation experiments were then carried out by backfilling
the chamber with 5.3 x 107 — 5.3 x 10~ Pa of O; (99.9999%) for 250 — 2500 s while
maintaining the sample at the oxidation temperature of 650 °C. The chemical composition
of the surface was subsequently analyzed by XPS, X-ray absorption spectroscopy PEEM
(XAS-PEEM) and PEEM at 25 °C with the exception of an operando experiment. During

the operando experiment PEEM data was recorded in real time while maintaining the



sample at 650 °C under the oxygen pressure of 5.3 x 107 Pa. For experimental details on

surface analytical equipment, data acquisition and analysis see Supplementary material.

3. Results and discussion

3.1. Age-precipitation of EN 1.4521 at 650 °C

SE image in Fig. 1(a) shows the surface of the AGED sample after polishing, i.e. the
microstructure of the bulk sample, indicating the presence of different types of precipitated
particles. XAS-PEEM images of Nb and Ti in Figs. 1(b) and (c), respectively, reveal the

inhomogeneous distribution of these microalloying elements.

Highly stable Ti(CN)- and (NbTi)C-type particles were present in the alloy in the as-
received condition originating from the conventional industrial processing stages of the
alloy. The big Ti(CN) particle in Fig. 1 is surrounded by (NbT1)C particles. In addition to
Ti(CN) and (NbT1)C particles, small (< 1 um in diameter) (FeCrSi),(MoNb)-type Laves
phase particles were observed. A small fraction of tiny Laves phase particles were present
in the as-received sample but the number density and the size of Laves particles increased
substantially upon heat treatment at 650 °C for 120 h. Other second phase particles were
not observed. Furthermore, the heat treatment did not cause grain size coarsening from an

average grain diameter of 20 um, see Ref. [21] for more detailed discussion.

The Laves phase nucleation in bee Fe alloys has been observed to occur first at the grain
boundaries, then on dislocations and finally in the matrix [22]. The Laves particles in Fig.

1(a) are randomly distributed on the surface suggesting that also narrow grain boundaries



and dislocations contain Laves phase. Indeed, Juuti et al. confirmed the nucleation of Laves

phase at the grain boundaries [21].

The calculated equilibrium mole fraction of the Laves phase at 650 °C for the investigated
steel is 0.68 at.% (Table 1), and the Laves phase dissolves at temperatures above 800 °C.
The calculated composition of the Laves phase at 650 °C in atomic-% is 57.7%Fe—2.0%Cr—
6.9%8S1-7.6%Mo0-25.8%Nb. In addition, the calculation showed that the Laves phase
contains trace amounts of Ti (0.02 at.%) and Ni (0.02 at.%), and in particular, that there is
no Mn (< 0.001 at.%). It is worth mentioning that the mole fraction of Laves phase is
proportional to the total amount of Nb and Mo, and therefore, EN 1.4521 alloy is more
susceptible to Laves phase precipitation than, for example, EN 1.4509 with almost the same

composition but without Mo.

The similar Nb and Ti distributions in Fig. 1(b) and (¢) XAS-PEEM images corroborate
that Laves particles contain significant amount of Ti, albeit only trace amounts well below
the bulk concentration (0.14 at.%) were expected based on the calculation. Also, Niewolak
et al. have showed using atom probe analysis (APT) the incorporation of Ti into a
(FeCrSi),Nb-type Laves phase and suggested that Ti may affect the Laves phase nucleation
[16]. Using the same method Isik et al. showed that precipitation of Mo-rich Laves phase in
12 wt.% Cr tempered martensite ferritic steel (TMFS) preceded combined segregation of
Mo, Si and P to the grain boundaries, where Laves phase nucleation was initiated next to
M,;Cq carbides [23]. Our surface segregation experiments on metallic surface confirm that

P segregates to a metallic surface at 650 °C (not shown). In contrast to the carbide hardened



TMFS material with 0.9 at.% of C, the studied EN 1.4521 (0.06 at.% C) had no carbides at

the grain boundaries that could have directed the nucleation of Laves particles.

3.2. Oxide film formation under ambient air conditions

The influence of Laves-phase precipitation on the oxide scale chemical composition was
first studied in ambient air (high pO,). Fig. 2 shows XPS surface analysis of NOT-AGED
and AGED EN 1.4521 after oxidation in air at 650 °C for 30 min. The most striking
difference between the two samples can be seen from the Mn 2p spectra depicted in Fig.
2(a). On the NOT-AGED sample the Mn 2p;/, peak centered at 641.2 eV corresponds to
oxidized Mn?"3* in either Mn,03, Mn3;04 or most likely in (Mn,Cr);04 spinel-type oxide

[24,25]. In contrast, on the AGED sample the Mn 2p signal is almost completely absent.

The surface sensitive PEEM images of oxidized Mn, Fe and Cr in Figs. 2(c) and (e) show
that oxidized species are homogeneously distributed on the surfaces. None of the species is
enriched at the alloy grain boundary locations which can be identified from the SE images
in Figs. 2(b) and (d) that were measured at the same positions. Grain boundaries provide
fast diffusion paths for scale forming elements, and in particular, strong surface enrichment
of Mn has been shown to emanate preferentially through alloy grain boundaries in Fe—Cr
alloys with only <1 wt.% Mn [26]. The homogeneous Mn distribution at the surface of the
NOT-AGED sample suggests that the oxide scale grows primarily via outward diffusion of
Mn, Fe and Cr. The results are in line with Horita et al. who, using SIMS depth profiling of
an Fe—Cr alloy after oxidation at 800 °C for 144 h, observed homogeneous Mn distribution

at the oxide scale surface while Mn was enriched at the grain boundaries below the oxide
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scale [26]. Also, Magdefrau et al. observed enrichment of both Mn and Cr at the alloy grain
boundaries of an Fe—Cr alloy (Crofer 22 APU) after oxidation at 800 °C for 5 h using bulk

sensitive EDXS imaging [27].

Fig. 3 shows XPS depth profiles of NOT-AGED and AGED EN 1.4521 after oxidation for
30 min at 650 °C in ambient air. The oxidized and metallic components were separated by

their corresponding chemical shifts in the high-resolution XPS spectra.

The oxide scale on the NOT-AGED sample consisted of the Cr and Mn -rich outer scale
(possible chemical compound based on XPS peak positions is (Mn,Cr);0,), Cr-rich
subscale (Cr,03) and oxide/metal interface enriched with Si (SiO,) and Nb (Nb,Os). Such a
layered oxide structure is typical of Fe—Cr alloys oxidized at high temperatures [14,17,28].
In addition, significant amount of oxidized Fe (Fe cations can substitute Cr and Mn sites in
(Mn,Cr);04 and Cr,03) and some Mo (MoQO;) were present in the outer oxide scale. These
species were concluded to be formed due to the high oxidation rate under ambient pressure
conditions and are likely to become transformed into the thermodynamically more
favorable species, e.g. (Mn,Cr);0,4 and Cr,03, with increasing oxidation time [24,29,30].
Supporting the statement, no Mo and Fe oxides were observed in oxidation tests at low pO,
in Chapter 3.3. It is worth mentioning, though, that the oxide scale growth on Fe—Cr alloys
at high-temperatures is a diffusion-controlled process, in which temperature is a key
parameter determining whether Cr alloying is sufficient to sustain the growth of protective
Cr-rich oxide scale or if a non-protective Fe-rich oxide scale forms instead. Young et al.

studied oxidation of EN 1.4509 (similar composition with EN 1.4521 but without Mo) in
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Ar—H,—-H,0 and showed that the oxide scale composition changed from Fe to Cr -rich
when the oxidation temperature was increase from 600 to 650 °C [14]. Thus, it was
concluded that the EN 1.4521 had sufficient Cr alloying to form protective Cr-rich oxide

scale at 650 °C.

The oxide scale on the AGED sample had similar in-depth distributions for all the other
elements except Mn and Cr. Surprisingly, Mn was almost completely absent from the oxide
scale. It was noticed that the Cr in-depth distribution on the AGED sample was similar with
the combined in-depth distributions of Mn and Cr on the NOT-AGED sample that suggests
strongly competing diffusion processes. Furthermore, no significant difference in the oxide
scale thicknesses (approximately 40 nm) was observed between the AGED and NOT-

AGED samples. Further analysis of oxidation kinetics was beyond the scope of this study.

Recently, we did similar oxidation experiment at 650 °C for EN 1.4509 (no Mo) alloy that
forms (FeCrSi),Nb-type Laves phase [17]. In that study the heat treatment was conducted at
higher temperature (800 °C). In sharp contrast to the Mo-alloyed EN 1.4521, the
precipitation of (FeCrSi),Nb Laves phase within EN 1.4509 did not attenuate Mn diffusion
to the oxide scale. It should be noted that EN 1.4521 exhibits higher propensity to form
Laves phase, and that the (FeCrSi),(MoNb)-type Laves phase has approximately 2%
smaller lattice parameters than (FeCrSi),Nb-type Laves phase [21,31]. Furthermore, Juuti
et al. showed that the (FeCrSi),(MoNb)-type Laves phase has lattice parameters similar to
Fe,Mo-type Laves phase, and concluded that the substitutional elements Si and Nb had

little effect on the lattice parameters. Also, the difference in heat treatment temperature may
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have affected the nucleation mechanism. Laves phase nucleation has been shown to
precede the enrichment of Si and P at grain boundaries [23], and the segregation of both
elements onto a metallic EN 1.4521 surface has been shown to be strongly temperature
dependent [15]. Therefore, the apparent inconsistency is attributed to the differences in
Laves phase composition, mole fraction in the alloy, nucleation and lattice parameters. It is
likely that smaller sized (FeCrSi),(MoNb)-type Laves phase can more densely occupy grain
boundaries and dislocation, and thus, limit more effectively Mn diffusion to the oxide scale

compared to (FeCrSi),Nb-type Laves phase.

Horita et al. compared oxidation properties between a Laves-phase forming Fe—Cr alloy
containing Mo and Nb with a conventional Fe—Cr alloy in reducing H,-H,O atmosphere
[19], and concluded that the elemental diffusion through the grain boundaries was
decreased in the Laves-phase forming alloy. Moreover, the oxide scale depth profiles
measured after 1104 h oxidation at 800 °C in Fig. 5 of Ref. [19] reveal smaller Mn
concentration in the oxide scale of the Laves phase forming alloy compared to the
conventional alloy, regardless of the higher bulk concentration of Mn (0.50 vs. 0.21%). In
accordance with Horita et al., the oxidation test under ambient air conditions revealed that
the (FeCrSi),(MoNb) Laves phase precipitation strongly suppressed the Mn diffusion to the

oxide scale, and thus, limited the formation of (Mn,Cr);04 spinel oxide at the surface.

3.3. Initial oxidation at low pO,

In order to focus on the earlier stages of oxidation, experiments were conducted at low pO,.

This approach allows surface analytical investigation of segregating elements to an alloy
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surface while kinetically controlling the oxide formation. The same oxide species are
detected in the oxide scale of Fe—Cr alloys under atmospheric air conditions and at pO, as
low as 1013 Pa [32]. However, the oxidation at low pO, favors the formation of
thermodynamically most stable oxides, such as oxides of Ti, Si and Nb [17], that comprise
the diffusion barrier at the oxide/metal interface. In particular, within the short oxygen
exposures, the oxygen induced surface segregation and oxidation of Si overcame the
formation of Cr oxides. Therefore, the use of low pO, allowed the investigation of initial

stages of interfacial Si oxidation before the formation of Cr rich oxide scale on top.

Fig. 4 shows the XP spectra of selected elements for the NOT-AGED and AGED sample
after oxygen exposure in 5.3 x 107 Pa O, for 250 s at 650 °C. The oxygen exposure was
selected to emphasize the influence of Laves-phase precipitation on the early stages of
oxidation for all the elements that form the oxide scale. Before oxygen exposures, the
samples were sputter cleaned and annealed for 5 min at 650 °C in UHV. In addition to the
oxidized species presented in Fig. 4, some oxidized Al was detected on both surfaces. In
contrast to the oxidation test in ambient air, no oxidized Fe or Mo were detected on either
surface (Figs. 4(a) and (d)). Instead, surfaces consisted of oxidized species of Cr, Mn, Nb,
Ti and Si (Figs. 4(b), (¢), (e), (), (g)). At the surface of the AGED sample the amounts of
Mn, Mo, Nb, Ti and Si were reduced, whereas the amount of oxidized Cr was increased
compared to the NOT-AGED sample. The similar O 1s peak areas in Fig. 4(h) indicate the

total amount of oxidized species on both samples is almost the same.
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Besides Mn, the minor alloying elements (others than Fe and Cr) that showed decreased
surface concentration at the AGED sample were the ones that were precipitated as
(FeCrSi),(MoNb)-type Laves phase. Thus, the Laves particles bound these elements and
prevented their diffusion to the surface. The decreased surface segregation and oxidation of
Mn, on the other hand, is perfectly consistent with the oxidation experiment under ambient
air conditions supporting the conclusion that (FeCrSi),(MoNb)-type Laves particles at the
grain boundaries and dislocations had blocked the fast diffusion paths of Mn. The increased
amount of oxidized Cr on the AGED sample in Fig. 4(b) suggests that normal lattice
diffusion and oxidation of Cr compensates the reduced surface segregation and oxidation of

minor alloying elements.

The O 1s spectra in Fig. 4(h) were fitted using two components centered at 531.1 and 532.5
eV corresponding to metal oxides (M—O, M = Fe, Cr, Mn, Mo, Nb, Ti) and oxidized Si (Si—
0O), respectively [33]. The higher intensity of the Si—O peak compared to the M—O peak in
the NOT-AGED sample indicated that Si oxides were the dominant oxide species at the
surface. If compared with the changes observed in the XP spectra of other elements, the Si—
O to M—O peak ratio of the AGED sample was sharply decreased compared to the NOT-
AGED sample suggesting that the oxidation of Si was strongly affected by the heat

treatment.

The oxidation of Si deserved detailed attention because of its well-known property to
dramatically increase the oxidation resistance of Fe—Cr alloys, even upon < 1% additions,

by forming a near continuous amorphous Si0O, at the oxide/metal interface which acts as a
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diffusion barrier to the scale forming elements [1]. It has been proposed that Si-rich Laves
phase particles can modify the morphology of this interfacial Si oxide layer [5]. Recently,
we studied the temperature dependence of surface segregation on EN 1.4521 and showed
that annealing a metallic surface at 650 °C in UHV induced strong surface segregation of Si
and Nb, whereas annealing an oxidized surface in UHV at 650 °C resulted in strong surface
enrichment of oxidized Mn and Cr together with Si and Nb [15]. In contrast, the surface
segregation and oxidation of Ti required higher temperatures and was not significant at 650
°C. Therefore, the critical temperature of 650 °C was chosen for the in-depth analysis of

early stages of surface oxidation.

Due to the distinct binding energy of O 1s peak of Si oxide compared to metal oxides, O 1s
transition provided an ideal probe to study distribution of Si oxides in the oxide film. Fig. 5
depicts a more detailed surface analysis of the AGED sample after the oxygen exposure.
Fig. 5(a) shows O 1s spectra recorded using three different photon energies facilitating a
non-destructive depth profile analysis due to different kinetic energies of the photoemitted
O Is electrons. The Si—O to M—O peak intensity ratio increased as the information depth
was decreased, which indicates that the Si oxides were localized closer to the surface
compared to the metal oxides. The surface sensitive PEEM image in Fig. 4b and the bulk
sensitive XAS-PEEM image of O K-edge in Fig. 4(d) show spatial distribution of oxidized

Si (Si—0) [34] and metal oxides (M—O) [35,36].

According to the PEEM image in Fig. 5(b), the oxidized species were evenly distributed at

the surface of individual grains with the exception of the locations of large Ti(CN) and
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(NbT1)C particles. The XAS-PEEM image in Fig. 5(d) reveals strong M—O formation

around the Ti(CN) and (NbT1)C particles but not inside the particles.

Strikingly, the XAS-PEEM images of Si—O and M—O in Fig. 5(d) have both similar
contrast distribution with the Laves particles presented in Fig. 1 that suggests strong
oxidation at the precipitate locations via inward oxygen diffusion. However, Si oxide was
shown to form preferentially in the vicinity of the surface with more homogeneous spatial
distribution which supports oxidation via outward lattice diffusion of Si. Fast surface
segregation and oxidation of Si during the early stages of oxidation is perfectly
commensurate with the formation of a protective oxide subscale at the oxide/metal interface
to reduce the outward diffusion of scale forming elements (e.g. Cr and Mn) during the later
stages of oxidation [1]. Furthermore, the deeper penetration of oxidation at the precipitate
locations, including the Si-rich Laves particles, implicates the formation of particularly
strong diffusion barrier at the locations that, without Laves precipitates, facilitate the fast

diffusion of scale forming elements.

During the oxygen exposure in 5.3 x 10~ Pa O, for 250 s at 650 °C a substantial amount of
Cr had already oxidized and Si oxide had evenly covered the surface. In order to focus on
the initial stages of Si oxidation, the pO, was further lowered and XPS measurements were
conducted in real time. The Fig. 6(a) shows Si 2p spectra of an unoxidized surface and after
different oxygen exposures at 650 °C for the AGED sample. The Si 2p spectra were fitted
using two doublet peaks with doublet separation of 0.608 eV between the 2ps/, and 2p;);

levels of Si and the area branching ratio of 0.50. The 2ps3,, component binding energies of
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102.6 eV and 103.7 eV correspond to Si oxidation states 3+ and 4+, respectively. All the
oxygen exposures induced strong surface segregation and oxidation of Si. After the oxygen
exposure in 5.3 x 107 Pa O, for 250 s (the same exposure was studied above in Figs. 4 and
5) Si was oxidized to both Si3* and Si#*. In contrast, after the oxygen exposure in 5.3 x 10
Pa O, for 250 s Si was primarily oxidized as Si**. The further decrease of pO, to 5.3 x 107
Pa did not change the oxidation state of Si but decreased the peak intensity due to kinetics
of surface oxidation, albeit the oxidation time was increased to compensate the oxygen

exposure.

Comparing the surface oxides after the oxygen exposures at 5.3 x 10°Pa and 5.3 x 107
Pa with that given at 5.3 x 107 Pa, the surface consists of increased amount of Nb, Ti and
Al oxides in addition to Si oxides. However, Cr oxides were not formed. Thus, within the
short oxygen exposures the oxygen induced surface segregation and oxidation of Si
overcame the formation of Cr oxides. Therefore, the use of low pO, allowed the
investigation of initial stages of interfacial Si oxidation before the formation of Cr rich
oxide scale on top. Furthermore, at low pO, oxidation kinetics was slow enough to allow

operando analysis of oxide film formation using surface sensitive PEEM.

Fig. 6(d) shows the evolution of Si—-O PEEM intensity at different locations depicted in Fig.
6(b) during oxidation at 650 °C under oxygen pressure of 5.3 x 1077 Pa. The presented data
for submicrometer-sized Laves particles on three grains (A, B, C) are average values of tens

of particles marked in Fig. 6(b). Fig. 6(c) shows the PEEM image of Si 2p (Si—O) at the end
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of the oxygen exposure (oxidation time = 2500 s, Movie S1 includes all the PEEM images

during oxidation and is available as supplementary material).

The PEEM measurement revealed strong lateral variations in the Si oxidation. Firstly, the
Si oxide formation was strongly limited at the locations of Ti(CN)- and (NbTi)C-type
precipitates. Secondly, the three grains showed different oxide growth rates. The Si oxide
formation on grain C was significantly stronger than on grain A. Most strikingly, the Si
oxide formation at Laves precipitates was significantly stronger than on the surrounding
grain for all three grains (A, B, C). The Si oxidation proceeded initially fast at close to
linear rate, which was followed by parabolic growth. Such a reaction kinetics indicates
initial phase boundary process followed by diffusion control [37]. We emphasize to the
reader that due to the surface sensitivity of the measurement, the Si—-O PEEM intensity is
not directly proportional to the amount of Si oxide on the surface at the later stages of the

experiment when the oxidation may have proceeded deeper into the bulk phase.

Juuti et al. showed that the amount of Si in the Laves phase can vary between 6—-10 at.%
[21] that is significantly higher than the bulk concentration of Si (0.97 at.%). Thus, the
increased Si oxidation rate at the Laves precipitate locations can be attributed to the higher
Si concentration. Recently we studied segregation phenomena on the same EN 1.4521 steel
under low pO, conditions and showed that surface segregation was favored to the <111>
oriented grains [15]. Therefore, the different oxidation rates between grains A—C are most

likely due to different grain orientations. Interestingly, Si oxide formation on grain C was
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faster than at the Laves precipitate location on grain A that suggests that the grain

orientation would be more dominant to the oxidation rate than the Si concentration.

Regardless of the fact that grain boundaries were enriched with Si-rich Laves phase [21], it
was not possible to distinguish Si oxide enrichment at the grain boundaries by PEEM. Isik
et al. showed using atom probe tomography that, besides bulky particles on grains, Laves
phase forms as an elongated rod with a thickness of 10—20 nm along the grain boundaries
[38]. Juuti et al. showed that the nucleation and growth of Laves particles at the grain
boundaries were strongly affected by the thermal treatment history [21]. Preferential Si
oxidation was observed at the grain boundaries of EN 1.4509 containing (FeCrSi),Nb-type
Laves phase [39], but spherical submicron sized Laves particles at the grain boundaries of
AGED EN 1.4509 were not found on the AGED EN 1.4521 sample (Fig. 1(a)). Therefore,
it is evident that the apparent discrepancy was due to the resolution limit of the PEEM to

distinguish oxidized Si at the narrow grain boundaries.

Based on the well-founded assumption that the (FeCrSi),(MoNb) Laves phase forms at the
grain boundaries and dislocations that, without Laves phase, provide fast diffusion path for
oxide scale forming elements, it is clear that the preferential Si oxide formation at the Laves
phase locations during the early stages of oxidation seals off the fast diffusion paths for the
other scale forming elements. In particular, this mechanism was here shown to strongly
limit the diffusion of Mn to the oxide scale. Even though Si was strongly enriched in the
Laves phase, there was enough free Si to form continuous oxide film at the surface.

Moreover, it is suggested that the randomly distributed Si oxide rich Laves precipitates at
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the oxide scale/alloy interface can enhance the oxide scale adherence via pegging effect

[40].

In addition to the precipitation effects also other diffusion processes during the heat
treatment should be considered. Steel production involves high-temperature and forming
processes which create defects, such as vacancies, to the alloy and these processes are too
fast for the steel to equilibrate energetically. Diffusion can proceed via vacancies that are
ubiquitous in a-Fe and numerous at the dislocations, grain boundaries and other interfaces.
During the heat treatment substitutional (e.g. Cr, Mn, Nb, Si, Ti, P) and interstitial (e.g. C,
N, O) elements will redistribute in an a-Fe alloy matrix to energetically more favorable
positions. Recently Liu et al. studied the effects of dilute substitutional solutes and
vacancies on the behaviors of C in a-Fe using ab-initio calculations [41]. The results
revealed strong magnetic coupling between Mn and its nearest-neighboring Fe atoms
assisted by Fe vacancy. This Mn-vacancy pair showed exceptionally strong bonding with
interstitial C and acted as C trap. Therefore, it is reasonable to suggest that during the heat
treatment diffusion of solute elements can fill in the vacancies by the Mn sites which may

result in immobilized Mn.

The experiments in this study focused on the early stages of oxidation which precede the
growth of a thickening Cr-rich oxide scale above the interfacial Si oxide layer. However, it
1s not possible to predict the degree of how much the (FeCrSi),(MoNb) Laves phase
precipitation can mitigate Mn diffusion kinetically upon longer time periods. It is

suggested, though, that mobile Mo, Si and Nb in the alloy can fill in the vacancies
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generated by the outward diffusion of Cr, and hence, continue restricting Mn diffusion. It
became clear that the thermal history and Laves phase composition both had a strong effect
on the oxidation properties that can be utilized in controlling the corrosion properties via
heat treatments. For example, the Mo enrichment in the Laves phase is expected to affect

corrosion properties at lower temperatures where Mo oxides are stable.

4. Conclusions

The influence of aging (120 h at 650 °C) on early stages of oxidation under ambient air
conditions and at low pO, was studied on Ti—Nb stabilized ferritic stainless steel (EN
1.4521). The (FeCrSi),(MoNb)-type Laves phase induced by age-precipitation resulted in
less pronounced surface segregation and oxidation of minor alloying elements at low pO,.
Si was shown to oxidize preferentially at the Laves precipitate locations via fast outward
diffusion forming a diffusion barrier for the subsequent growth of the oxide scale.
Furthermore, the operando analysis of Si oxidation revealed that grain orientation had
stronger influence on oxidation rate than local Si concentration. Most significantly the age-
precipitation of Laves phase limits the diffusion of Mn to the oxide scale under atmospheric
conditions, and therefore, prevented the formation of low volatile (Mn,Cr);04 spinel oxide
on Cr,03. Thus, these results provide new insights to the interplay between microstructure
and oxidation properties for ferritic stainless steels at high temperatures, which can be
utilized to optimize the alloy composition and heat treatments of ferritic stainless steel to
facilitate the growth of protective oxide scale with designed properties in terms of volatility

and electrical conductivity.
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Supplementary material

Details on surface analytical equipment, data acquisition and analysis are available as

Supplementary material.

A movie file of operando analysis of Si oxidation during oxygen exposure at low pO, at

650 °C for the AGED EN 1.4521 is available as Supplementary Material.
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Figure captions

Fig. 1. (a) SE image, (b) Nb M3-edge and (c) Ti L;-edge XAS-PEEM images of AGED
(120 h at 650 °C) EN 1.4521 sample. The labels in (a) indicate the locations of three grains
(A, B, C) and different precipitates the properties of which have been investigated in the
present study. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Fig. 2. XPS analysis of NOT-AGED and AGED (120 h at 650 °C) EN 1.4521 after 30 min
oxidation in ambient air at 650 °C. (a) Mn 2p transitions, (b,d) SE images and (c,e) overlaid
PEEM images of Mn (blue), Fe (red) and Cr (green) oxides measured from the same
positions as the SE images. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 3. XPS depth profiles showing oxygen and oxidized components of Fe, Cr, Mn, Mo, Si
and Nb for (a) NOT-AGED and (b) AGED (120 h at 650 °C) EN 1.4521 after 30 min
oxidation in ambient air at 650 °C. Oxide—metal interface has been determined according to
the oxygen concentration. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 4. XP spectra of (a) Fe 2p, (b) Cr 2p, (c) Mn 2p, (d) Mo 3d, (e) Nb 3d, (f) Ti 2p, (g) Si
2p and (h) O 1s for NOT-AGED and AGED (120 h at 650 °C) EN 1.4521 after oxygen
exposure in 5.3 x 10~° Pa O, for 250 s at 650 °C. Before oxygen exposures the samples

were sputter cleaned and annealed for 5 min at 650 °C in UHV. The spectra are aligned
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with their backgrounds, which allows surface concentration of elements to be directly
compared with the samples. The presented binding energy values are based on fitted
Gaussian—Lorentzian lineshapes and, in the case of doublet transitions, correspond to their
P32 or ds, components. The minor alloying elements (others than Fe and Cr) that had
precipitated as Laves phase in the AGED sample are marked with L. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Fig. 5. AGED (120 h at 650 °C) EN 1.4521 after oxygen exposure in 5.3 x 107 Pa O, for
250 s at 650 °C. (a) O Is transition measured with three different photon energies
corresponding to different information depths. The inset depicts the relative concentration
of oxidized Si (Si—O) as a function of information depth. (b) Overlaid surface sensitive
PEEM images of oxidized metals (M—O) and oxidized silicon (Si—O) as determined from
the chemical state resolved O 1s image. The O 1s PEEM image was acquired using an
incident photon energy of 580 eV corresponding to an information depth of 1.6 nm. (c) O
K-edge XAS spectra measured at the location of Ti(CN) and (NbT1)C precipitates (—) and
over the grains (—). (d) Overlaid bulk sensitive O K-edge XAS-PEEM images of oxidized
metals (M—O) and oxidized silicon (Si—O) recorded at the same position with (b). The
energy positions of M—O (533 eV) and Si—O (539 eV) XAS-PEEM images are depicted in
(c). The information depth of the XAS measurements is >10 nm. The measured area and
labeled grains in (b, d) correspond to those of Fig. 1. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) XP spectra of Si 2p for AGED (120 h at 650 °C) EN 1.4521 after sputter
cleaning and annealing for 5 min at 650 °C (unoxidized), and after oxygen exposures in 5.3
x 107 Pa O, for 250 s, 5.3 x 10° Pa O, for 250 s and 5.3 x 107 Pa O, for 2500 s at 650
°C. (b) SE image of the sample showing precipitate and grain locations. (¢) PEEM image of
Si 2p (Si—O) transition after oxygen exposure in 5.3 x 107 Pa O, for 2500 s at 650 °C. (d)
Spatially resolved evolution of Si—O PEEM intensity recorded in operando during
oxidation at 650 °C under oxygen pressure of 5.3 x 1077 Pa. The solid lines in (d) are
quartic polynomial fits to the data. The different locations are shown in (b) and they
correspond to those of Fig. 1. The XPS and PEEM data were acquired using an incident
photon energy of 150 eV corresponding to an information depth of 1.6 nm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)



30

Table

Table 1. Bulk composition and calculated equilibrium composition at 650 °C for the
investigated EN 1.4521 steel. In addition to the tabulated elements, the alloy contains very

low concentrations of other minor and trace elements such as Cu (0.20 at.%), Al (0.01

at.%), P and Sn.
at.% Fe Cr Mo Si Mn Ni Nb Ti C N Mole fraction (%)
Bulk composition 77.60 18.60 1.17 097 050 024 0.22 0.14 0.06 0.05 100.00

Equilibrium composition at 650 °C

bee 7721 1859 1.12 092 0.50 024 0.01 0.06 0.00 0.00 99.09
Laves 5770 2.00 7.60 690 0.00 0.02 25.80 0.02 0.68
Ti(CN) 50.11 13.85 36.04 0.14

(NbTI)C 4449 859 46.83 0.09
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Experimental

Surface analytical equipment

PEEM measurements employing laboratory photon sources were carried out using a
NanoESCA (Omicron NanoTechnology GmbH) spectromicroscopy system (Finnish
research infrastructure, FIRI: NanoMAT Laboratory) [2]. Monochromatized focused Al Ka
radiation (hv = 1486.5 eV, ULVAC-PHI model 36-100 Focused X-ray source) was utilized
for core level spectroscopy and imaging, whereas, secondary electron (SE) images were
measured with Hg UV-source (Focus GmbH). The XPS depth profiling was carried out in a
multi-technique surface analysis system, which has been described in detail elsewhere (see
Ref. [3]). The spectra were excited by non-monochromatized Al Ka radiation and recorded
using hemispherical VG Microtech CLAM4 MCD LNoS5 electron analyzer. Depth profiling
was accomplished by alternating cycles of 2.5 keV Ar" ion sputtering and XPS
measurements. Sputtering rate of 0.012 nm s~! was determined for a Ta,Os reference material
(BCR-261T). The XPS, PEEM, XAS-PEEM and SE image measurements employing
synchrotron radiation were performed at the soft X-ray beamline 1311 in the synchrotron
radiation facility MAX IV Laboratory, Sweden (FIRI: MAX IV Laboratory). The beamline
has been described in Ref. [4]. In short, 1311 is an undulator beamline with a modified SX-
700 monochromator and two endstations. High-resolution XPS measurement were conducted
in the spectroscopy endstation equipped with a hemispherical SCIENTA SES-200 electron
analyzer. PEEM, XAS-PEEM and SE image measurements were conducted in the
microscopy endstation with a spectroscopic photoemission and low-energy electron
microscope (SPELEEM) III [5] (Elmitec GmbH). The analysis area in all XPS setups was
large in comparison to the average grain size of the sample; therefore, the XPS spectra

represent surface analysis over a large number of individual grains.

Data analysis

The chemical states of elements were determined from XPS spectra by least-squares fitting

of asymmetric Gaussian—Lorentzian lineshapes to the photoelectron peaks after subtracting



a Shirley background. The inelastic electron background subtraction from the core-level
PEEM images was done by subtracting an image measured off the peak. During the operando
experiment PEEM images were recorded with 20 s exposure time alternating between the
peak position and the background. Recorded PEEM images were corrected for thermal drift
before the background subtraction. XAS-PEEM images were analyzed by subtracting an
image recorded at the pre-edge position from the image recorded at the absorption edge. The
analysis of PEEM and XAS-PEEM data was accomplished by using Imagel] software
(version 1.50b). The XPS data analysis was made by using CasaXPS software (version
2.3.16) [6], and Scofield photoionization cross-sections were used for the determination of
atomic concentrations (hv = 1486.5 eV) [7]. The binding energy scale was calibrated either
with the metallic Fe 2ps,, peak set to 706.5 eV (hv = 1486.5 eV) or according to the Fermi
edge.

Information depth

The XPS data was acquired using the optimized surface sensitivity by selecting a transition
specific incident photon energy. The XPS information depth is determined by the electron
inelastic mean free path (IMFP, 4) which depends on the kinetic energy of the photoelectrons.
In general, the XPS information depth at normal emission (34) for a given transition decreases
with decreasing photon energy and has the minimum value at electron kinetic energies (Ex)
of 30—100 eV. For example, in the case of O 1s the information depth is reduced from 7.0
nm (hv = 1486 eV; Ex =955 eV) to 1.6 nm (hv =580 eV; Ex =49 eV), as determined by the
TPP-2M equation for the SiO, medium [8]. Due to the very low energy of the secondary
electrons (less than 10 eV) that gives contrast to the XAS-PEEM images and the increase of
the IMFP at very low energy, XAS-PEEM is here considered a bulk sensitive method with
the information depth of >10 nm. It is worth noting that the information depth of common

energy-dispersive X-ray spectroscopy analysis is typically >1000 nm.
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