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a b s t r a c t 

A high-Mn austenitic steel Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb was tested at 500 °C in static Pb-Bi eutectic for 

10000 h. In the course of the test, oxygen concentration in liquid metal was cycled from ∼10-6 to ∼10-9 mass%, 

which provides oxidation and dissolution regimes, respectively. After 10000 h exposure steel showed formation 

of ferrite corrosion zone depleted in Mn, Ni, Cu, Cr, Fe and penetrated by Pb and Bi. Average depth of corrosion 

is 15 ± 5 μm, while maximum corrosion depth locally reaches ∼35 μm. Dissolved Mn and Cr re-precipitated in the 

vicinity of steel surface in a form of stratified Mn-O/Cr-Mn-O oxide scale. Obtained results were compared to those 

of similar Al-alloyed austenitic steels with lower Mn content, which exhibited protective oxidation under same 

test conditions. The phenomenological mechanism of oxygen-driven de-alloying of steel in Pb-Bi[O] is discussed. 

© 2024 The Author(s). Published by Elsevier B.V. on behalf of Institute of Metal Research, Chinese Academy of 

Sciences. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Corrosion issues of steels in Pb-based liquid metals such as Pb, Pb-Bi 

and Pb-Li eutectics represent a crucial obstacle to the development and 

implementation of high-temperature energetic nuclear and non-nuclear 

installations. A number of reviews have outlined the main phenomena 

that occur in solid metal/liquid metal systems [ 1–6 ]. These include dis- 

solution - a fundamental interaction phenomenon between solid and 

liquid metals and in-situ oxidation. The latter is considered as a main 

dissolution mitigation technique which involves controlled addition and 

monitoring of oxygen impurity levels in lead-based liquid metals such 

as Pb and Pb-Bi eutectic [ 7 ]. The durability of in-situ formed Fe-Cr ox- 

ide layers on the surfaces of austenitic steels 316 L and 1.4970 plays 

a crucial role in mitigating liquid-metal corrosion [ 8 ]. As the protec- 

tive properties of these in-situ Fe-Cr oxide layers locally degrade, the 

primary steel constituents (Ni, Cr, Fe) leach, causing phase transforma- 

tions within corrosion zone from austenite to ferrite and liquid metal 

infiltration into solid [ 8 ]. Based on the corrosion data obtained in sev- 

eral long-term experimental campaigns [ 8–12 ], it is believed that tem- 
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perature limit for austenitic steels should not exceed 400–480 °C pro- 

viding that proper oxygen control in liquid metal is ensured. For high 

operation temperatures, one should consider protective coatings or new 

materials. 

Austenitic steels alloyed with aluminium can improve their cor- 

rosion resistance in lead-based liquid metals by forming a continu- 

ous and protective alumina scale, potentially increasing operation tem- 

peratures. These steels are designated as Alumina-Forming Austenitic 

steels (AFA) in literature [ 13–15 ]. Concentration of aluminium in these 

types of austenitic steels ranges from 2.4% to 4.1% (mass fraction) 

[ 16 ]. It is adequate for the formation of a continuous and protective 

alumina film in gaseous environments at temperatures above 650 °C 

[ 17 ]. However, the formation of Al-based oxide films on the surface 

of AFA steels in-situ in lead-based liquid metals can be challenging, be- 

cause the operating temperatures for austenitic stainless steels in con- 

tact with lead-based melts are typically limited to ≤ 480 °C that is low 

enough for the active diffusion of Al (strong 𝛼-ferrite stabilizer) in the 

austenitic matrix. In addition, the working concentration of oxygen in 

the lead-based melts should be maintained at a comparably high level, 
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i.e.: CO[Pb, Pb-Bi] ≥ CO[Fe(s)/ Fe3 O4 (s)] 
, which involves the main steel con- 

stituents such as Fe, Cr, Si and Mn in the oxidation process [ 18 ]. 

Several experimental works already demonstrated that AFA steels 

show very good corrosion resistance at 550–600 °C in lead-based (Pb, 

Pb-Bi eutectic) static and flowing liquid metals when the concentration 

of dissolved oxygen is controlled above the thermodynamic stability of 

magnetite, i.e.: ∼10-7 – 10-6 mass% [ 19–21 ]. This was attributed to the 

formation of thin and protective alumina-rich oxide films. Chromium, 

similar to gaseous oxidation, has a beneficial effect in reducing the re- 

quired aluminum concentration in the steels to form protective alumina- 

rich films, known as the third element effect [ 22 ]. Nickel generally does 

not participate in oxidation processes in lead-based melts because the 

"working" concentration of oxygen in liquid metals is lower than that 

required to form NiO [ 23 ]. 

In this paper, we are presenting and discussing the experimental re- 

sults on the corrosion behavior of a high-Mn Al-alloyed austenitic steel 

Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb in Pb-Bi eutectic at 500 °С . Man- 

ganese is an austenite stabilizer and is used in austenitic steels as a par- 

tial substitute for Ni. With respect to oxidation, Mn, similar to Cr, has 

a much higher affinity for oxygen than Ni and can therefore actively 

participate in the formation of oxide layers. At the same time, it has 

a high solubility in lead-based melts, which is quantitatively similar to 

Ni [ 3 ]. Manganese reduces the oxidation resistance of steels and alloys 

in gaseous environments [ 24–27 ]. The negative effect of high Mn con- 

tent (15 wt.%) in the alloys on oxidation resistance is manifested in the 

formation of coarse Mn-rich oxide nodules and spallation of the scale, 

leading to mass loss [ 26 ]. 

In contrast to gaseous oxidation, little work has been done to elu- 

cidate the corrosion behavior of Mn-alloyed steels in lead-based liq- 

uids. In oxygen-saturated liquid Pb-Bi, a multilayer non-protective scale 

(12.5 μm) was formed on the surface of high-Mn austenitic steels 

(mass%: Fe-21Mn-(4.9-7)Al-1Cr-(0.4-0.8)C) at 450 °C for 430 h [ 28 ]. 

In Pb-Bi with “low ” oxygen concentrations (1.6 × 10-8 – 6.0 × 10-10 

mass%), a duplex scale layer (3 μm) consisting of an outer Mn-Fe-rich 

oxide and an inner Al-rich oxide scale was formed and considered by 

the authors as a protective scale. Corrosion resistance improved with in- 

creasing Al content in these steels [ 28 ]. Oxide dispersion-strengthened 

(ODS, YAlO3 ) Al-added high-Mn austenitic steels showed superior ox- 

idation resistance over conventional steel of the same composition in 

oxygen-saturated Pb-Bi at 450 °C for 430 h due to the formation of inter- 

nal continuous Al-rich oxide layer as a result of fine-grained structure 

of ODS steel with high-density of diffusion paths [ 29 ]. In these cases, 

the inner Al-rich oxide layer plays the role of a mass transfer barrier, in- 

hibiting the redistribution of reactants between the steel and the molten 

metal. A similar interaction is observed in Si-alloyed steels, where Si 

oxidizes internally, slowing the overall oxidation rate but not chang- 

ing the morphology of the oxide layers, which generally remain bilayer 

[ 30 , 31 ]. 

Recently Pint and coauthors performed an initial evaluation of the 

corrosion behavior of a family of AFA steels (mass%) Fe-(14-16)Cr- 

(8-25)Ni-(1.9-4.8)Mn-(2.3-3.9)Al-3Cu-(0.13-0.16)Si-(0.6-1.4)Nb mod- 

erately alloyed by Mn in static and flowing Pb at 500–800 °C [ 32 ]. In 

static Pb under dissolving conditions, the AFA steels showed only at 

600 °C lower mass changes than the reference 316H steel. However, 

at higher temperatures, the AFA steels showed even higher corrosion 

losses. In flowing Pb with higher oxidation potential after 1000 h ex- 

posure at 550–650 °C, AFA steels showed limited signs of corrosion ac- 

companied by relatively low mass changes while 316H steel showed 

accelerated oxidation forming a thick duplex Fe-rich oxide scale [ 32 ]. 

In our previous publication, we characterized AFA steels alloyed with 

moderate amounts of Mn (2 mass%–5 mass%) as potential materials for 

use in contact with Pb-Bi eutectic at 500 °C. This is due to the high dura- 

bility of the in-situ formed oxide films [ 33 ]. In contrast, a high-Mn (10 

mass%) Al-alloyed austenitic steel, subjected to the same experimental 

conditions, resulted in dissolution corrosion (the present study). The va- 

riety of the corrosion interactions observed between the high-Mn AFA 

steel and the liquid Pb-Bi eutectic prompted us to provide a comprehen- 

sive analysis of the observed phenomena in this article. 

2. Experimental 

A high-Mn Al-alloyed Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb austenitic 

steel was supplied by Oak Ridge National Laboratory in view of 15 mm 

thick plate after solution annealing at 1200 °C for 0.25–0.5 h and wa- 

ter quenching [ 16 ]. The composition (mass fraction, %) of steel is Cr 

13.89, Ni 12.09, Mn 9.96, Cu 3.06, Al 2.54, Si 0.14, Nb 1.01, V 0.05, Ti 

0.05, Mo 0.15, W 0.15, C 0.200, B 0.009, N 0.0044, P 0.024, S 0.0010, 

Fe Bal. Alloying with Mn reduces steel costs and stabilizes single-phase 

austenitic matrix at a given level of Ni, while the content of ferrite sta- 

bilizing Al and Cr should provide the formation of protective Al-based 

oxide film. MC-base precipitates (M = Nb), M23 C6 (M = Cr, Nb) and 𝛾 ′ - 

Ni3 Al precipitates ensure creep strength [ 16 ]. 

Cylindrical specimens ( Ø5 mm × 100 mm) were fabricated by spark 

erosion, followed by turning as the final manufacturing step. Sur- 

face roughness parameters of samples are as follows: Ra = 0.4055 μm; 

Rq = 0.5174 μm; Rt = 3.4536 μm and Rz = 2.9573 μm. 

Fig. 1 (a) shows microstructure of steel obtained from the area of 

895 μm × 665 μm on the transversal metallographic cross-section with 

an aid of scanning electron microscopy based electron back scatter 

diffraction (SEM-EBSD, Jeol JSM6610LV) in combination with a Bruker 

(XFLASH 4010) energy dispersive X-ray (EDX) detector and electron 

backscatter diffraction (EBSD) high-resolution eFlashHR detector. The 

pattern quality map is overlapped with grain boundaries map ( Fig. 1 (a)). 

Grain size distribution was analyzed based on about 900 grains (exclud- 

ing twin boundaries) and ranges from several microns to about 115 μm 

in diameter with the largest fraction between 25 and 80 μm and aver- 

ages of 53 μm ( Fig. 1 (b)). The total length of characterized boundaries 

(including twin boundaries) reaches about 100 mm. The high-angle ran- 

dom boundaries are colored in white and coincidence site lattice (CSL) 

boundaries are colored in blue and green in Fig. 1 (a). CLS boundaries 

compose of 58% of boundaries. Most of CSL boundaries are twin bound- 

aries ( Σ3, ⟨111 ⟩, 60°). Nb(Ti) plate-like primary carbides are detected in 

the composition of steel in the form of bands precipitated along rolling 

direction ( Fig. 1 (c, d)). 

Fig. 2 shows a schematic diagram of the experimental setup for static 

corrosion tests consisting of a stainless steel autoclave with a lid. It has 

connections for gas inlet and outlet (Ar, Ar-5%H2 , air), thermocouple, 

sample holder, oxygen pump [ 34 ] and Bi/Bi2 O3 electrochemical oxy- 

gen sensor [ 35 , 36 ]. The autoclave resides an alumina crucible filled 

with 5 kg of fresh liquid Pb-Bi eutectic. The molten metal was precondi- 

tioned with respect to temperature (500 °C) and initial oxygen concen- 

tration ( ∼10-6 mass%) prior to the introduction of the sample. The ratio 

between the volume of liquid metal (cm3 ) and the surface of samples 

(cm2 ) is 1.7 cm. 

Test was carried out at 500 ± 2 °C in a static Pb-Bi eutectic with a 

purposeful variation of the oxygen concentration from about ∼10-6 to 

∼10-9 mass% for 10000 h ( Fig. 3 ). 

The test conditions were selected to explore the potential for in- 

situ formation of protective oxide layers on the surface of Al-alloyed 

austenitic steels in static Pb-Bi eutectic at elevated temperature (500 °C). 

The study is aimed to demonstrate the long-term (10000 h) durability of 

the formed barriers under variations in oxygen concentration in the liq- 

uid metal. This experiment simulates transient accidental interruptions 

of the oxygen supply to the system, which can cause a drop in oxygen 

concentration and lead to undesirable dissolution-controlled corrosion. 

In this work, we conducted a test lasting 10000 h, which is a compara- 

bly long-term test for the laboratory experiments. This duration is more 

representative of assessing the lifetime of replaceable components, such 

as cladding tubes, in liquid-metal cooled reactors, which are expected 

to operate for several decades. 

The experiment is divided into two main domains with respect to 

oxygen concentration in liquid Pb-Bi: domain 1) provides oxidizing con- 
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Fig. 1. Structure of Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb steel in as-received annealed state: (a) EBSD pattern quality map overlapped with grain-boundary map 

shows white-colored high-angle boundaries; blue-colored twin boundaries ( Σ3, ⟨111 ⟩, 60°) and green-colored - CSL boundaries ( Σ9, ⟨110 ⟩, 38.94°); (b) grain size 

distribution; back-scattered electron micrographs showing (c) precipitation bands and (d) individual precipitates of Nb(Ti)C carbides in steel matrix, respectively. 

Fig. 2. Principal scheme of apparatus for corrosion tests in static Pb-Bi eutectic. 

ditions - the oxygen concentration is maintained at ∼10-6 mass% which 

should ensure in-situ formation of oxide layer on steel surface and do- 

main 2) which provides dissolution conditions – oxygen concentration is 

maintained at ∼10-9 mass% which might destabilize magnetite (Fe3 O4 ) 

while the Cr-, Mn-, and Al-based oxides are remain stable at least ther- 

modynamically ( Fig. 3 ). Oxidizing domain is first in order to provide 

initial oxidation since in our previous work Al-alloyed steel showed ox- 

idation only when the oxygen concentration was maintained at ∼10–6 

mass% at 550 °C ( CO[Pb-Bi] ≥ CO[Fe(s)/ Fe3 O4 (s)] 
) while at lower oxygen 

concentrations ( CO[Pb-Bi] ≤ CO[Fe(s)/ Fe3 O4 (s)] 
) AFA steels showed disso- 

lution corrosion in-spite of the fact that these concentrations ensured 

thermodynamic stability of alumina and chromia [ 18 ]. 

The test conditions change throughout the testing process ( Fig. 3 ), 

beginning with oxidation (1100 h), then transitioning to dissolution 

(500 h), followed by a return to oxidation (3600 h), transitioning again 

to dissolution (1200 h), and finally returning to oxidation (3600 h). 

After a 10000 h exposure, the samples were extracted from the liq- 

uid Pb-Bi and segmented through mechanical cutting. The segment for 

surface examination underwent a cleaning process to remove solidi- 

fied Pb-Bi. It was initially cleaned in hot glycerin at about 150 °C, de- 

greased in ethanol, and subsequently chemically cleaned in a 1:1:1 mix- 

ture of acetic acid (CH3 COOH), hydrogen peroxide (H2 O2 ), and ethanol 

(C2 H5 OH) at room temperature. A segment with adhered Pb-Bi was used 

for cross-sectional analysis. Seven cross-sections were prepared and an- 

alyzed to represent the corrosion appearances along the height of the 

sample. 

Corrosion depth of the samples was assessed using light optical mi- 

croscopy (LOM). Detailed high resolution image of the cross-section was 

captured using image stitching techniques ( Fig. 4 ). A routine proce- 

dure was employed to measure the corrosion depth. The process in- 

cludes reconstructing the original diameter of the sample by utilizing 

corrosion-free regions of the sample surface, detecting the center, and 

measuring the corrosion depth relative to the reconstructed circle every 

3
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Fig. 3. Time dependence of oxygen concentration in liquid Pb-Bi during the experiment. Blue dashed horizontal lines indicate the concentrations of oxygen which 

correspond to the thermodynamic equilibrium between Me/Mex Oy (Me = Pb, Ni, Fe, Cr, Mn and Al). 

Fig. 4. Example of methodology for measuring the thickness of corrosion layer 

along the circumference of cross-section obtained by light optical microscopy: 

(a) sample cross-section overlapped by the dotted assisting lines with the 15°

step, (b) example of corrosion depth measurements along the assisting dotted 

line. 

15° along the guidelines ( Fig. 4 (a)). Regular 24 measurements per one 

cross-section were carried out to obtain the corrosion depth ( Fig. 4 (b)). 

Additionally, the metallographic cross-section was examined along the 

circumference to determine the maximum corrosion depth, which may 

not have been obtained from the regular measurements. The percentage 

of corrosion coverage for a given sample was determined by observing 

24 regularly spaced cross-sections near a guideline that crosses the in- 

terface between the steel surface and the solidified Pb-Bi. The obtained 

results were statistically elaborated and the corrosion data are presented 

as the average value of corrosion depth with standard deviations, max- 

imum value and percentage of surface showing corrosion. 

Digital light-optical microscopes Keyence VHX6000 and Alicona In- 

finiteFocusSL were used to observe 3D surface microscopy and metrol- 

ogy, as well as 2D cross-sectional metallography of samples. Morphol- 

ogy, microstructure and elemental composition of corrosion zones were 

determined using SEM in combination with EDX detector and EBSD de- 

tector. Thermo Fisher Scios, which combines the FEG-SEM with a 30 kV 

Ga+ ion beam (Dual-Beam focused ion beam: DB-FIB) was used to mill 

local cross-sections directly from the samples surface areas of interest. 

X-ray photoelectron spectroscopy (XPS, Thermo ScientificTM K-AlphaTM 

X-ray Photoelectron Spectrometer System) was used to analyze compo- 

sition and oxidation states of elements in the oxide films formed. 

3. Results 

3.1. Surface examination 

Cleaned sample surface, formerly covered by solidified Pb-Bi, exhib- 

ited slight oxidation as evidenced by a change in color from its origi- 

nal metallic luster to a matte blue hue ( Fig. 5 ). Additionally, the sur- 

face is noticeably populated with hemispherical pits in various sizes 

( Fig. 5 (a, b)). The morphology of the pit mouth appears spongy in na- 

ture ( Fig. 6 (a)). The surface EDX analyses indicate a significant deple- 

tion of Ni, Mn, and Cu in comparison to the initial steel composition 

( Fig. 6 (b), area A). The adjacent areas of the pit share a similar compo- 

sition ( Fig. 6 (b), area B), albeit showing slight oxidation. The presence 

of Bi in area B’s composition may be explained by the oxide film protec- 

tive action that prevents Bi and Pb from completely cleaning from the 

sub-oxide zone. This is in contrast to the unprotected surface of the pit 

in area A. 

4
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Fig. 5. Surface of the Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb corrosion sample 

after exposure at 500 °C to static Pb-Bi for 10000 h: (a) three-dimensional 

overview of the corrosion sample, (b) detail out of Fig. 5 (a) with higher magni- 

fication. Sample is cleaned chemically with respect to solidified Pb-Bi. 

XPS spectra accompanied by intensity contour maps of Fe, Cr, Ni, 

Mn, Al, O, Pb and Bi are shown in Fig. 7 . The high resolution spec- 

tra are obtained by sputtering to a depth marked as the etch levels 

from # 0 to # 100. The Fe 2p3/2 spectra revealed small surface peaks 

around 710 eV which could be associated with the magnetite. The metal- 

lic Fe with a binding energy of 706.8 eV appeared in deeper layers 

( Fig. 7 (a)). The small peaks of Cr 2p3/2 at 577.2 eV are consistent with 

the mixed chromium oxide detected at the surface up to etching level # 

25 ( Fig. 7 (b)) [ 37 ]. With increasing etching depth the peaks of metallic 

Cr at 574.3 eV become dominant. The only peaks of metallic Ni are de- 

tected at a binding energy of 852.8 eV starting at the etching level # 75 

( Fig. 7 (c)). The Mn 2p3/2 spectra and corresponding intensity contour- 

map imply the formation of a Mn-containing oxide on the surface and 

a bit deeper near-surface layers with binding energies of 641.9 and 

641.3 eV, respectively ( Fig. 7 (d)). Metallic Mn (638.7 eV) is not detected 

until the deepest levels of etching. The weak signals at 74.9 eV (near 

surface) and 75 eV (deeper layers) correspond to Al oxides while a peak 

indicating metallic Al (72.8 eV) is not found ( Fig. 7 (e)). O 1s spectra are 

detected until the deepest etch level although the corresponding inten- 

sity contour-map clearly reveals oxygen only at the surface ( Fig. 7 (f)). 

The binding energies at 531–532.3 eV are usually associated with the 

formation of defected spinel-type oxides or organic compounds [ 38 , 39 ]. 

In spite of surface cleaning clear peaks of Pb 4f and Bi 4f are observed 

in the XPS spectra ( Fig. 7 (g, h)). It is interesting to notice that based on 

the intensity contour-maps Pb (139.3 and 144.3 eV) and Bi (160.0 and 

165.2 eV) oxides accumulate preferentially close to the surface, while 

metallic Bi (157.2 and 162.3 eV) is detected preferentially in the deeper 

layers of material. Formation of Pb and Bi oxides is not expected in our 

test conditions according to the thermodynamic evaluations ( Fig. 3 ). 

Therefore one can assume that the cleaning procedure might result in 

the oxidation of Pb and Bi remaining in corrosion layer. Separation of Pb 

and Bi eutectic near the oxidation-corrosion zones was already reported 

and explained by preferential oxidation of Pb which might participate 

in the formation of more complex oxides Pbx Fey Oz while more “noble ”

Bi penetrates deeper into the corrosion zone [ 40 ]. 

Based on the XPS spectra and intensity contour maps, the thin oxide 

film could be identified as a mixture of (Mn-Fe-Al-Cr)x Oy compounds. 

3.2. Cross-sectional examinations 

Cross-sectional examinations revealed the formation of a uniform 

corrosion layer with an average thickness of 15 ± 4.2 μm ( Fig. 8 (a)). The 

maximal depth reaches locally, about 34.6 μm ( Fig. 8 (b)). The corrosion 

layer covers approximately 80% of the surface. Based on backscattered 

electron image atomic contrast ( Fig. 8 ) and EDX analyses along the hor- 

izontal dotted line identified in Fig. 9 (a), the corrosion layer is substan- 

tially depleted in Mn, Cu and to a lesser extent in Ni when compared to 

un-corroded steel bulk ( Fig. 9 (b)). The corrosion zone is also markedly 

penetrated by Pb and Bi. 

Fig. 10 shows EBSD maps of the corrosion and sub-corrosion zones 

of the sample. The pattern quality (PQ) and inverse pole figures (IPF-Z) 

maps illustrate a very fine-grained corrosion layer ( Fig. 10 (a, b)). Ac- 

cording to the phase distribution (PD) map in Fig. 10 (c), the corrosion 

layer is composed of ferrite. This suggests that the leaching of austenite 

stabilizers (Mn and Ni) by liquid metal caused the phase transformation 

of near-surface zones of steel from austenite to ferrite. The grain aver- 

age misorientation (GAM) map in Fig. 10 (d) shows an accumulation of 

deformation in the near-surface zone of the sample to the depth about 

20 μm as a change in orientation from 0° (blue) to 5° (red). This is a result 

of the preparation of rod samples by turning. The stored deformation 

was not released by long-term aging at 500 °C for 10000 h. However, 

the corrosion-induced phase transformation released the stored defor- 

mation in the corrosion layer at the top of the deformed zone ( Fig. 10 (c, 

d)). 

Fig. 11 shows two examples of oxide scales that were sporadically ob- 

served on the original steel surface. Thickness of the denser outer layer 

and looser inner layer average 14.1 ± 2.9 and 22.1 ± 6.4 μm, respectively. 

The outer oxide is composed of Mn and O with proportions of 45% and 

55% (at.%), respectively, as analyzed by EDX, while the inner oxide 

with a composition of Cr-Mn-O (at.%: 26-16-58) was infiltrated by Pb 

and Bi ( Fig. 11 (d, f)). Iron and nickel are not present in the composition 

of oxide agglomerates. 

Despite the prevalence of dissolution corrosion, approximately 20% 

of the sample surface remains uncorroded. Fig. 12 depicts the overall 

( Fig. 12 (a)) and detailed ( Fig. 12 (b, d)) structure of the near-surface 

zone that has remained corrosion-free. The zone can be divided into 

three subzones starting from the surface: 1) a top layer approximately 

5 μm thick that has a nano-grained structure, 2) an intermediate layer 

20-25 μm thick featuring deformation bands, and 3) the annealing twins 

of the solutionized steel bulk ( Fig. 12 (a, b)). As it was already mentioned 

above, it has been formed due to surface deformation that occurs during 

the manufacturing process via turning. A peak-like redistribution of steel 

components (Cr, Fe, Ni, Mn, Cu) is observed in sub-surface regions as 

Fig. 6. Pit-type corrosion damage formed on the surface of the Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb steel during exposure at 500 °C to static Pb-Bi for 10000 h: (a) 

general view, (b) detailed view of transient zone between surface of pit and “original ” surface of steel accompanied by compositions obtained by EDX spot analyses 

in zone of pit (A) and on “original ” surface of steel. Sample is cleaned chemically with respect to solidified Pb-Bi. 
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Fig. 7. XPS spectra of (a) Fe 2p3/2 , (b) Cr 2p3/2 , (c) Ni 2p3/2 , (d) Mn 2p3/2 , (e) Al 2p, (f) O 1 s, (g) Pb 4f and (h) Bi 4f accompanied by intensity contour maps as 

function of etching time obtained from the surface of the investigated Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb steel exposed at 500 °C in static Pb-Bi eutectic with varying 

oxygen concentration ( ∼10-6 – ∼10-9 mass% O) for 10,000 h. After exposure, the solidified Pb-Bi was chemically removed from the sample surface. 
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Fig. 8. Back-scattered electron images of cross-sections showing (a) in general 

and (b) the details of the uniform corrosion layer formed on the surface of Fe- 

14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb steel exposed at 500 °C to static Pb-Bi eutectic 

with varying oxygen concentrations ( ∼10-6 – ∼10-9 mass% O) for 10000 h. De- 

tailed structure of the corrosion zone with maximum depth of dissolution attack 

reaching 34.6 μm. 

shown in Fig. 12 (c). The corrosion intact sections are still protected by 

an Al-rich oxide layer. This is confirmed by the evident Al and O peaks 

observed on the surface in Fig. 12 (c). The mean thickness of the oxide 

coating is 36 ± 6 nm ( Fig. 12 (d)). 

Vermicular nodular oxides were detected on non-corroded areas of 

the sample ( Fig. 13 ) in addition to very thin oxide films ( Fig. 12 (d)) 

and thick scales ( Fig. 11 ). Oxide belts were observed to be arranged 

parallel to each other and aligned with the turning marks ( Fig. 13 (a)). 

These belts consist of agglomerates of faceted oxide crystallites mainly 

composed of Fe and Mn (mass fraction, %: 50.2Fe-36.0Mn-3.7Cr-1.3Ni- 

1.5Sn-7.1O) ( Fig. 13 (b, d)). Similar vermicular and nodular oxides were 

observed on the surface of Fe-14Cr-5Mn-12Ni-3Cu-2.5Al steel during 

test conducted under the same conditions [ 33 ]. Initially, re-precipitation 

of leached components was excluded since it should have a more ran- 

dom character and not be associated with the machined surface pattern 

of the sample. However, the clear interface between the thin oxide film 

and the oxide nodule ( Fig. 13 (c, e)) may support the reprecipitation hy- 

pothesis regarding the formation of vermicular and nodular oxides. The 

presence of Sn, a common impurity of Pb and Bi also supports the latter 

hypothesis. Normally, the formation of oxide nodules (protrusions) is 

associated with internal oxidation of the steel, which was not observed 

in our case (see Fig. 13 (e)). This observation further supports the idea 

that the reprecipitation mechanism is responsible for the formation of 

nodules. 

4. Discussion 

In our recent paper, we have shown that AFA steels moderately al- 

loyed by Mn (2% to 5%, mass fraction) are promising candidates for 

use in contact with Pb-Bi eutectics due to the exceptional durability of 

the oxide films formed in-situ [ 33 ]. In contrast, high-Mn (10%, mass 

fraction) Al-alloyed austenitic steel tested under the same conditions 

showed dissolution corrosion (this work). We believe that particularly 

Fig. 9. Concentration profiles for different elements through the corrosion zone 

and near-surface steel matrix not affected by corrosion: (a) back-scattered elec- 

tron image of near-surface zone of steel with formed corrosion layer, (b) con- 

centration profiles of different elements obtained along the horizontal dotted 

line showed in Fig. 9 (a). 

in the case of high-Mn steel, manganese affects negatively the protec- 

tive properties of the in-situ formed oxide layer. In this view, the dual 

role of Mn(Cr) as a steel constituent, which on the one hand has a very 

high affinity for oxygen, but on the other hand also has a high solubil- 

ity in Pb-Bi, leads to the formation of large oxide agglomerates in the 

liquid metal in the immediate vicinity to the corroded sample surface 

( Fig. 11 ) and most-probably in the bulk of liquid metal. In this case, 

oxygen dissolved in the liquid metal, acts as an active trap for the dis- 

solved steel constituents, such as Mn and Cr, by forming oxides. This 

process maintains the concentration mass exchange even in an isother- 

mal system. On the contrary, in an oxygen-free isothermal system, the 

dissolution of Mn and Cr stops once the saturation limit of these ele- 

ments in the liquid metal is reached. In other words, oxygen removes 

the dissolved elements of steel from the liquid solution, thereby main- 

taining the driving force of corrosion dissolution process, which is the 

difference in chemical potential in the system. 
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Fig. 10. EBSD maps obtained from the near-surface zone of steel with corrosion layer at the top: (a) pattern quality map (PQ); (b) inverse pole figure map (IPF-Z); 

(c) phase distribution map (PD); (d) grain average misorientation map (GAM) with colors showing orientation changes from 0° (blue) to 5° (red). 

Fig. 11. Precipitates observed above the corrosion zone formed on the Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb steel exposed at 500 °C to static Pb-Bi eutectic with varied 

oxygen concentration ( ∼10-6 – ∼10-9 mass% O) for 10000 h: (a–d) back-scattered electron images revealing general and detailed morphology, (e, f) composition of 

oxide precipitates. 
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Fig. 12. Morphology and composition of not-corroded near-surface zones observed on the transversal cross-sections of the cylindrical sample of Fe-14Cr-12Ni-10Mn- 

3Cu-2.5Al-1Nb steel after exposure at 500 °C in static Pb-Bi eutectic for 10000 h: (a, b, d) back-scattered electron images; (c) concentration profile of elements in the 

near-surface zone along the white vertical dotted line shown in Fig. 12 (a); S.M.Z. – Structurally-Modified near-surface Zone. 

The phenomenon of formation of oxides at some distance from the 

site of the element solution was also observed in a few works and dis- 

cussed [ 5 , 41–44 ]. Thus, needle-like Cr-based oxides were detected close 

to the dissolution affected zone formed at 450 °C on the surface of 316 L 

steel after exposure to static Pb-Bi with 10-7 mass% O [ 41 ]. In these 

studies, it was underlined that the found oxides are formed as a re- 

sult of oxidation of the initially dissolved Cr. Schroer also reported re- 

precipitation of dissolved Cr in the view of Cr-based oxide layer at some 

distance from the surface of Ni-Cr alloy at 750 °C in static Pb with 10-6 

mass% dissolved oxygen after 120 h [ 42 ]. 

Summarizing our observations and literature data, the phenomeno- 

logical mechanism of interaction of high-Mn austenitic steel with Pb- 

Bi[O] includes the following main steps: leaching of Ni, Mn and Cr 

by the liquid Pb-Bi eutectic; reaction of dissolved Mn and Cr with O 

dissolved in liquid metal followed by re-precipitation of reaction prod- 

ucts in the view of the Mn-Cr oxide that stimulates further leaching 

of steel constituents. Dissolved Ni remains in a liquid solution since 

the oxygen concentration in the liquid metal is too low to provide the 

formation of NiO(s) ( Fig. 3 ). The overall corrosion process might be 

named as an oxygen-driven de-alloying of steel constituents by liquid 

metal. 

Generalizing the obtained results we would like to remind you that 

the initial idea of adding oxygen into liquid metals like Pb and Pb-Bi eu- 

tectic lies in the formation of protective and continuous oxide layer in- 

situ on the steel surface [ 7 ]. The obtained results imply that this task be- 

comes complicated when the material is alloyed with comparable high 

amounts of Mn and Cr which behave ambivalently i.e., are apt to disso- 

lution followed by the oxidation in the liquid metal [ 5 ] which result in 

oxygen-driven de-alloying of steel constituents by the liquid metal. 

Since our investigation focused on the long-term test, it can be 

assumed that the initially formed oxide layer started to fail locally 

when we changed the oxygen concentration from oxidizing to dissolv- 

ing mode. In 80% of the cases, the degradation of the oxide layer results 

in the start and propagation of dissolution. However, some areas (20%) 

of the steel surface are still protected from dissolution by the Al-rich 

oxide layer. It is expected that with time these areas will eventually dis- 

appear and the entire surface will exhibit dissolution corrosion. Once 

the dissolution process begins, it is unlikely that oxide films will be able 

to re-form on the corroded surface. On the other hand, it can be also 

assumed that most of the areas from the beginning of the contact with 

liquid metal tend to oxidize, while other areas tend to dissolve due to lo- 

cal inhomogeneities on the solid surface (structural and compositional) 

and/or from the side of the liquid metal (variations in oxygen concentra- 

tion). Short-term tests should be conducted to investigate the expressed 

suppositions and elucidate the initial and intermediate stages of the evo- 

lution of oxide film composition. This will improve our understanding 

of potential self-healing or degradation phenomena related to the in-situ 

formed oxide films. 
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Fig. 13. Surface and sub-surface zones morphology in the vicinity of vermicular nodular oxides formed on Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb steel at 500 °C in 

static Pb-Bi eutectic for 10000 h: (a) general view of surface with vermicular nodular oxide belts, (b) detailed view of agglomerates of faceted oxide crystallites 

compousing vermicular nodular oxides belts, (c) focused ion beam created trench, (d) detailed view of faceted oxide crystallites, (e) metallographic cross-section 

showing detailed structure and morphology of near-surface zones of steel consisting of: top oxide nodules; thin oxide film and sub-oxide nano-grained zone of steel 

matrix. Sample is cleaned chemically with respect to solidified Pb-Bi. 

5. Conclusions 

The long-term corrosion behavior of the high-Mn Al-alloyed Fe-14Cr- 

12Ni-10Mn-3Cu-2.5Al-1Nb austenitic steel in static Pb-Bi eutectic was 

investigated by performing a 10000 h corrosion test at 500 °C. The con- 

centration of dissolved oxygen was varied during the course of the test 

from ∼10–6 to ∼10–9 mass% to ensure subsequent periods of oxidation 

and dissolution interaction modes, respectively. The following conclu- 

sions can be drawn from the results obtained: 

• The steel underwent oxygen-driven de-alloying, resulting in: 

○ Formation of a near-surface ferrite corrosion zone penetrated by 

Pb and Bi and depleted in Mn, Ni, Cu, Cr and to a lower extent 

in Fe; 

○ Reprecipitation of dissolved Mn and Cr at the sample surface in 

the form of layered oxides; 

○ The average depth of corrosion is 15 ± 4 μm and the maximum 

depth locally reached is about 35 μm; 
• The high-Mn Al-alloyed steel Fe-14Cr-12Ni-10Mn-3Cu-2.5Al-1Nb 

exhibited dissolution corrosion in contrast to steels moderately al- 

loyed by Mn (2% to 5%, mass fraction) with nearly similar alu- 

minium content Fe-14Cr-2Mn-20Ni-0.5Cu-3Al and Fe-14Cr-5Mn- 

12Ni-3Cu-2.5Al which showed protective oxidation under the same 

test conditions. 
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