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Aluminium-alloyed austenitic steels Fe-14Cr-2Mn-20Ni-0.5Cu-3Al and Fe-14Cr-5Mn-12Ni-3Cu-2.5Al were tested
at 500 ◦ C in static Pb-Bi eutectic for 10,000 h. The concentration of oxygen in the liquid metal was changed in a
controlled way over the course of the test from ~10−6 to ~10−9 mass% which provided conditions for oxidation
and dissolution, respectively. Both steels showed slight oxidation of surface. Steel with higher Ni content
revealed also initiation of dissolution corrosion in the view of rare pit-type damages. The structural and
compositional features of oxide films, sub-oxide zones and corrosion damages are discussed.

1. Introduction
Alumina-Forming Austenitic steels (AFA), with improved creep and
oxidation resistance for high temperature application in gaseous media
[1–4], are also in focus for use in novel nuclear reactors with
heavy-liquid metal coolants (HLM: Pb, Pb-Bi) that requires experimental
studies on their compatibility.
Austenitic steels exclude Liquid-Metal Embrittlement (LME), the
phenomenon which is of high concern for ferritic/martensitic steels (F/
M) with a body-centered cubic structure [5]. However, conventional
austenitic steels (not alloyed by Al) can undergo marked leaching of Ni,
Mn, Cr, Fe etc. when contacting HLM at temperatures higher than
400 ◦ C, which is one of the critical issues on the way of mastering HLM
as a cooling media of next generation energetic facilities [6]. Selective
leaching of the austenite stabilizers such as Ni and Mn results in phase
transformation from austenite to ferrite in the corrosion zone. Leaching
of steel constituents is accompanied by inverse penetration of the liquid
metal into the steel matrix [7]. It results in a substantial corrosion loss
which increasing with temperature due to the increase in solubility of
the main steel constituents in the liquid metal.
A certain amount of oxygen in the liquid metal might change the
interaction mode from dissolution to oxidation resulting in the forma
tion of an oxide layer on the surface of the solid metal which operates as
a mass-transfer barrier [8,9]. In-situ doping of liquid metal with oxygen
is considered as a main approach to mitigate dissolution corrosion.

Oxidation kinetics, morphology and composition of the oxide layer
depend on the concentration of oxygen in the liquid metal. When the
oxygen concentration is close to saturation, a thick bilayer magnetite
scale is formed on the surface of austenitic steels [10]. It consists mainly
of an outer magnetite (Fe3O4) layer formed on the side of the liquid
metal and an inner Cr-deficient spinel Fe(Fe,Cr)2O4 layer formed on the
side of the steel matrix. The upper part of the outer oxide with columnar
structure is composed of plumboferrite [10]. Chromium in the inner
spinel tends to be enriched at the grain boundaries while nickel is not
bound by oxygen and forms non-oxidized islands inside the inner spinel
[11,12].
At “working” concentrations of oxygen in the liquid-metal systems,
which ranging from about 10−7 to 10−6 mass% and at temperatures
400–600 ◦ C, the surface of austenitic steels is oxidized with formation of
a very thin Cr-rich oxide film (≤ 1 µm) reflecting incubation time and a
thicker Fe–Cr oxide which characterizes accelerated oxidation [13–17].
Oxide layers, however, tend to degrade with time followed by the
localized dissolution corrosion in spite of the high oxidation potential of
the liquid metal body [14,16]. Therefore, the long-term durability of
in-situ formed oxide layers is a weak point of the technology which is
based on adding and continuous monitoring of oxygen concentration in
the HLM.
The protective properties of an oxide film might be improved, similar
to gaseous media, by means of alloying of the steel with elements which
have a high affinity to oxygen (Si, Cr, Mn, Al etc.). Thus, Si-alloyed
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austenitic and ferritic/martensitic (F/M) steels show improved oxida
tion resistance in oxygen-controlled HLM. The F/M steel EP823 is an
example for a steel alloyed by Si (up to 3 wt%) in order to improve the
corrosion resistance in HLM [8]. It should be underlined, that alloying
with silicon does not change the morphology of the formed oxide, i.e.
the typical bilayer Fe-based scale is formed as-well, but only the scale
thickness decreases in comparison with steels of similar composition
without Si-alloying [18]. Silicon, similar to Cr, is detected in the
composition of the inner spinel layer and inner oxidation zone (IOZ). A
very intensive development of an IOZ was observed on the Si-alloyed
1.4718 F/M steel (Fe-9Cr-3Si mass%) exposed to flowing Pb-Bi
eutectic with 10−6 mass% dissolved oxygen for 15,028 h [19]. Excel
lent corrosion resistance of Si-containing austenitic steel 18Cr–20Ni–5Si
at 450 and 550 ◦ C in oxygen-saturated Pb–Bi for 3000 h was reported
[20]. The surface of the steel was protected by an oxide film composed of
Si and O preventing the dissolution of Ni and Cr into Pb–Bi which was
observed on steels not alloyed by Si.
As regard the austenitic steels alloyed by aluminum, there are only
few works reporting their corrosion behavior in lead-based melts. When
the concentration of oxygen in static Pb-Bi eutectic is relatively high (5
× 10−4 mass%), the Fe-14Cr-25Ni-3.5Al-2Mn-2Mo-2.5Nb alloy shows
intensive oxidation at 520 ◦ C [21]. An exposure of 1850 h resulted in the
formation of a thick bilayer magnetite scale [21]. This result is very
similar to those demonstrated by the conventional austenitic steels, not
alloyed by Al [10], and indicates about no significant gain in oxidation
resistance for Al-alloyed austenitic steels in HLM with high oxidation
potential. However, when the oxygen concentration was decreased to
10−6 mass%, a thin protective oxide film, composed of Cr2O3 and
Al2O3-Cr2O3 solid solution, is formed on the surface of high-Ni alloys
Fe-(20−29)Ni-(15.2–16.5)Cr-(2.3–4.3)Al at 550 ◦ C and 600 ◦ C in static
Pb for 1000 h [22]. A long-term test duration of one year performed on
Fe-14Cr-14Ni-2.5Al-1.6Mn-2.5Mo-0.9Nb steel at 550 ◦ C in static Pb
with ~10−7 mass%O allowed to characterize the alloy as a potential
candidate for the use in lead-cooled reactors since a very thin (<100 nm)
protective Al-rich oxide film was formed [23]. In the more corrosive,
compared to Pb, Pb-Bi eutectic a threshold concentration for oxygen in
the liquid metal was experimentally identified to be ~10−6 mass% at
550 ◦ C [24]. Below this concentration the dissolution corrosion domi
nates over oxidation on the surface of Fe-18Ni-12Cr-2.3Al and
Fe-18Ni-12Cr-2.9Al-Nb-C austenitic steels tested at 550 ◦ C for 1000 h.
Thus, in order to ensure oxidation, the necessary concentration of oxy
gen in the lead melts must be substantially high than that, one might
expect, based on the thermodynamic stability of alumina [25], i.e. above
the magnetite formation that is similar for conventional austenitic steels.
It is known also that Al, similar to Cr and Mn, is highly soluble in HLM.
Therefore it is important to bond these elements on the surface of the
steel as an oxide layer to avoid that they will start to dissolve due to the
continuous competition between dissolution and oxidation in the liquid
metal system and to form oxide in the liquid metal bulk instead of the
steel surface.
Today’s progress in control of chemistry of Pb and Pb-Bi allows to
maintain the oxygen concentrations in big volumes of flowing melt very
precisely for a long period of time [15,25–27]. Surfaces of steel com
ponents facing liquid metal consume oxygen due to oxidation and
therefore oxygen should be supplied continuously in order to keep the
target concentration and in this way the oxidation as the dominating
process in the reacting system. In case of an interruption of the oxygen
supply, the oxygen concentration can drop to the dissolution corrosion
domain. The latter scenario might be interpreted as unfavorable acci
dental conditions of operation and should be verified experimentally.
Therefore, the aim of this study is to investigate the possibility of the
in-situ formation of protective oxide layers on the surface of aluminiumalloyed austenitic steels in static Pb-Bi eutectic and demonstrate the
long-term durability of the formed barriers under varying oxygen con
centrations in the liquid metal. The main tasks in this work are:

• To oxidize initially the steels by means of exposure to Pb-Bi eutectic
with high oxidation potential, i.e. CO[Pb-Bi] > Fe3O4;
• To assess the long-term durability of the formed oxide layers by
means of stepwise changing oxygen concentration in the liquid metal
from CO[Pb-Bi] > Fe3O4 to CO[Pb-Bi] < Fe3O4.
2. Materials and methods
Aluminium-alloyed austenitic Fe-14Cr-2Mn-20Ni-0.5Cu-3Al and Fe14Cr-5Mn-12Ni-3Cu-2.5Al steels of different composition were supplied
by Oak Ridge National Laboratory in annealed state (Table 1). For
convenience the steels are named further in the text as high Ni and low
Ni, respectively. The manufacturing procedure and mechanical prop
erties of these steels are presented in detail elsewhere [3].
Fig. 1a and b show structure of steels obtained with the aid of
scanning electron microscopy based electron back scatter diffraction
(SEM-EBSD) from the areas of 895 × 665 µm on the transversal metal
lographic cross-sections. The pattern quality maps are overlapped with
grain boundaries maps. About 700 grains were analyzed in the areas of
interest. The grain size distribution, excluding twin boundaries, ranges
from several microns to about 110 µm in diameter with the largest
fraction between 15 and 80 µm and averages of 55 µm for both steels
(Fig. 1c, d). The total length of characterized boundaries reaches about
of 70 mm. The high-angle random boundaries are colored in black and
coincidence site lattice (CSL) boundaries are colored in red in the Fig. 1a
and b. The latter compose the largest fraction of grain boundaries of 56%
and 75% for high Ni and low Ni steel, respectively. Most of the Σ3 CSL
boundaries are the twin boundaries (<111 >, 60◦ ). The Nb(Ti) carbides
are detected in the composition of both steels (Fig. 1e, f). The hardness of
high Ni and low Ni steel averages 307 (± 6.4) and 275 (± 16.1) HV500,
respectively.
For the current studies, cylindrical corrosion samples (Ø5 ×100 mm)
were manufactured by means of electric discharge machining followed
by final turning.
Fig. 2 shows a scheme of the experimental setup manufactured to
carry out static corrosion tests. It consists of a stainless-steel autoclave
with a lid. The lid provides ports for: gas inlet and outlet; thermocouple;
sample holder; oxygen pump and oxygen sensor [28–30]. The autoclave
contains an alumina crucible filled with 5 kg of liquid Pb-Bi eutectic.
Before introducing the samples in the test setup, Pb-Bi was precondi
tioned with respect to temperature (500 ◦ C) and initial oxygen con
centration (10−6 mass%O). Both steels were exposed simultaneously in
the same setup.
Fig. 3 shows the experimental parameters (temperature and oxygen
concentration) recorded during the course of test. The test was per
formed at 500 ◦ C for 10,000 h. The oxygen concentration in the liquid
Pb-Bi was varied during the test from comparable “high” (~10−6 mass%
Table 1
Chemical composition of aluminium-alloyed austenitic steels.

2

Element mass%

High Ni steel

Low Ni steel

Fe
Cr
Ni

Balance
13.86
19.98

14.91
12.03

Mn
Cu
Al
Si
Nb
V
Ti
Mo
W
C
B
N
P

2.00
0.52
3.02
0.12
1.01
0.05
0.05
1.99
0.96
0.148
0.0074
0.0012
0.022

4.97
3.06
2.52
0.11
0.59
0.05
0.05
0.11
< 0.01
0.201
0.0097
–
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Fig. 1. Structure of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al and Fe-14Cr-5Mn-12Ni-3Cu-2.5Al steels in as-received annealed state. a) and b) – EBSD pattern quality maps
overlapped with grain-boundary maps with black-colored random high-angle boundaries and red-coloredwin boundaries Σ3 (<111 >, 60◦ ). c) and d) – backscattered electron micrographs showing precipitations of Nb(Ti)C carbides in both steels.

O) to “low” (~10−9 mass%O):
•
•
•
•
•

particular role of alloying elements with high affinity to oxygen, i.e., Cr,
Mn and Al.
After 10,000 h exposure the samples were extracted, segmented and
metallographic cross-sections (seven per one sample) were prepared.
Corrosion depth was evaluated by light optical microscopy (LOM) with a
routine procedure consisting of reconstruction of the initial diameter of
the sample by using unaffected regions of the sample surface, detecting
the center and measuring every 15◦ the corrosion depth relative to the
reconstructed circle.
A Keyence VHX6000 digital light microscope was used for 3D mi
croscopy, surface analysis and cross sectional metallography. A Jeol
JSM6610LV scanning electron microscope (SEM) combined with a
Bruker (XFLASH 4010) energy dispersive X-ray (EDX) detector was used
to determine microstructure and elemental composition of corrosion
zones. For high resolution microscopy the field emission SEM (FESEM)
was used. X-ray photoelectron spectroscopy (XPS) was applied to
analyze composition of thin oxide films.
For surface examinations, the sample segments were first cleaned

10−6 mass% for ~1100 h;
~10−9 mass% for ~ 700 h from 1100 to 1800 h;
10−6 mass% for ~ 3200 h from 1800 to 5200 h;
~10−9 mass% for ~ 1200 h from 5200 to 6400 h;
3 × 10−6 mass% for ~ 3600 h from 6400 to 10,000 h.

Dashed horizontal lines in the Fig. 3 show the concentrations of
oxygen in the liquid metal which correspond to the thermodynamic
equilibrium between Me/MexOy (Me = Pb, Ni, Fe and Cr) for some
selected oxides close to the test conditions regarding the oxygen con
centration in the Pb-Bi. Thus the “high” concentration of 10−6 mass% O
should avoid oxidation of Pb (Bi) and provide oxidation of main con
stituents of the alloys (Fe, Cr, Mn, Al) except Cu and Ni [25]. The “low”
concentration of 10−9 mass% O should provide oxidation conditions for
Cr, Mn and Al but not for Fe. In this way we want to determine the
long-term durability of the initially formed oxide layer and the
3
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Fig. 4. Surface of the Fe-14Cr-2Mn-20Ni-0.5Cu-3Al corrosion sample after
exposure at 500 ◦ C to static Pb-Bi for 10,000 h. a) – three-dimensional overview
of the corrosion sample and b) – detail out of a) with higher magnification.
Sample is cleaned chemically with respect to solidified Pb-Bi.

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

peaks within the etching levels ranging from #0 to # 35 with a binding
energy of 710.5 eV which corresponds to the oxidation state of Fe and
might be associated with FexCr3−xO4 spinel (Fig. 5a) [31,32]. In the
deeper regions (etch levels # 36 – 169), the peaks of metallic Fe at
706.8 eV are observed. The peaks of Cr2p at 577.2 eV are consistent
with the mixed chromium oxide detected from the surface up to the
etching level # 50, which is a bit deeper than that one of Fe oxide. With a
depth the peaks of metallic Cr at 574.3 eV are appeared (Fig. 5b) [32].
The only peaks of metallic Ni are detected with binding energy of
852.8 eV starting from the etching level # 37 (Fig. 5c). The weak signals
corresponding to the Al oxide at 76.0 eV are detected at the surface and
reaching maximum at the etch level # 45 followed by gradual
decreasing in signal counts up to the level # 80 after which the weak
signals of metallic Al at 72.8 eV are detected (Fig. 5d). The oxygen 1 s
spectra are detected up to the etch level # 70 clearly revealing the
ranges of the oxide film (Fig. 5e). The very first peak of oxygen observed
at the level # 0 and binding energy of 533.8 eV correlates with the water
organic oxygen contaminating surface of sample and disappearing after
the first sputtering cleaning [31]. The O1s spectra binding energies
change with etching depth from 530.7 eV (# 1) to 530.9 eV (#2–21) and
further to 531.2 eV (# 30) and 532.0 eV (# 50). The metal oxides are
detected usually at the binding energies of 529–530 eV [31]. Alumina
has a O1s signal at 531.1 eV which agrees with our data. The binding
energies at 531–533 eV are usually associated with hydroxyls which
should not be the our case, especially for the deeper levels of etching.
Therefore the high energy peaks detected in O1s spectra should be
attributed to the defected spinel [31,33].
The depth profiles of elements in the oxide and sub-oxide zone are
shown in Fig. 6. Based on the profile and the XP spectra (Fig. 5) the oxide
film is composed of Cr(Fe) and Al. It has a bilayer structure with Cr(Fe)rich oxide film at the top and intermediate Al-rich oxide layer. Nickel
does not present in the oxide layers.
During the general examination of the sample surface, cleaned with
respect to solidified Pb-Bi, the areas which might be interpreted as
dissolution corrosion were not detected. However the very detailed ex
amination of the complete sample surface allow us to reveal the presence
of the very rare pit-type corrosion damages (Fig. 7). The typical pit-type
damage consists of the central spot and a circular lacy-like cover with
the diameters ranging from about 65 to 150 µm and averaging ~108
( ± 30) µm. In some cases the pit center looks as a hole of several mi
crons in the depth and in the diameter (Fig. 8). In another cases the pit

Fig. 3. Temperature and oxygen concentration in liquid Pb-Bi depending on
the exposure time. Dashed lines are the concentrations of oxygen which
correspond to the thermodynamic equilibrium between Me/MexOy (Me = Pb,
Ni, Fe and Cr).

from solidified Pb-Bi in hot glycerin at about 150 ◦ C then degreased in
ethanol followed by final chemical cleaning in a mixture of
CH3COOH–H2O2–C2H5OH (1:1:1) at room temperature.
3. Results
3.1. Fe-14Cr-2Mn-20Ni-0.5Cu-3Al steel
Fig. 4 shows a general overview (a) and a more detailed (b) view of
the high Ni steel sample surface after the exposure to and subsequent
cleaning from Pb-Bi. The surface of the sample showed slight oxidation
leading to formation of mainly golden-colored film with darker spots of
presumably thicker oxide (Fig. 4b). The machining marks from samples
production are still clearly visible on the surface indicating that the
formed oxide is very thin.
Fig. 5 shows the XPS spectra of Fe, Cr, Ni, Al and O obtained from the
surface of sample cleaned from Pb-Bi after the spattering up to the depth
marked as the etch levels from # 0 to # 169 that corresponds to 0 –
2100 s of etching with a step of ~5 s. The Fe2p3 spectra revealed surface
4
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Fig. 5. XPS spectra as function of depth obtained from the surface of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al steel exposed at 500 ◦ C to static Pb-Bi eutectic for 10,000 h. a)
Fe2p3; b) Cr2p; c) Ni2p3; d) Al2p and e) O1s.

center is covered by the faceted oxide crystallites composed of Fe and
Mn (Fig. 9a, b, A) while the area around the pit center is covered by the
more complex oxide film composed of Cr, Fe, Al and Mn (Fig. 9b, B). In
the most of the observations, the center of the pit is placed directly on
the turning mark indicating in favor of interconnection between the
surface machining, which introduces defects in the near-surface zone,
and a subsequent corrosion response of the damaged surface areas
(Figs. 7, 8a). The lacy cover is a spongy-like corroded surface depleted
markedly in Mn and Ni, enriched in Cr and Al and percolated by Pb and
Bi, in spite of the performed cleaning (Fig. 9c, C). The area near by the

lacy cover, which at first sight looks undamaged, is however also
depleted in Mn and Ni although is still yet covered by the thin Al- rich
oxide film (Fig. 9c, D). Formation of the pit-type corrosion damages with
the lacy covers is well known from the electrochemical corrosion [34,
35]. Although, the electro-chemical processes does not take place in the
liquid metals, the very similar shape of the localized corrosion damages
might indicate about possible phenomenological similarities in the
mechanisms of formation which, in the case of the liquid metal, is the
dissolution-driven process resulting in selective leaching of steel con
stituents [7].
5
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oxide intrusion formed on the basis of steel matrix (Fig. 10 b). The very
thin oxide film covers irregularly the surface in the vicinity of the pit
center (Fig. 10 b) and interrupted on the surface of lacy cover (Fig. 10 c,
d). The near-surface structure of pit differs substantially from the
annealed steel matrix (Fig. 1a). It consists of about 5 µm thick finegrained zone adjoining surface followed by the intermediate zone with
deformation bands (Fig. 10 b-d). The fine-grained zone is percolated by
Pb-Bi revealed in the view of white spots on the light-gray background of
fine grains. It is interesting to note that liquid metal does not percolate
further into the deformed zone, at least at this stage of the pit
development.
The structurally-modified near-surface zone, consisted of the finegrained (3.4 ( ± 2.0) µm) and deformed (20–25 µm) zones, is not
related only to the pit-type damages but also observed continuously
along the complete circumference of the cross-sections prepared in the
standard metallographic way. Thus Fig. 11 a shows the typical
morphology of the corrosion-intact near-surface zone which clearly
shows both mentioned structures. The EDX line profile of main elements
of steel across the near surface zone indicates about a noticeable redis
tribution of Fe, Cr, Ni and Mn within the 3–5 µm thick fine-grained part
of the structurally-modified zone (Fig. 11 b). The hardness of the nearsurface zone is markedly higher (408 ( ± 37.6) HV50) in comparison
with the annealed steel bulk (345 ( ± 9.6) HV50).
The formation of the structurally-modified near-surface zone is
attributed to the preparation stage of cylindrical samples, namely to the
final turning step. It is believed that the formation of the fine-grained
part of this zone is deformation-induced, i.e. not caused by recrystalli
zation processes [36]. The possible effect of this zone on the corrosion
response of steels is discussed in the paragraph 4.
Regular cross-section examinations showed that the high Ni steel
remained in general corrosion-intact. This result does not contradict to
the surface observations when the pit-type corrosion damages were
revealed (Fig. 7), since it is difficult to cross the damages which are
unevenly and rarely observed over the sample surface during the stan
dard preparation of metallographic cross-sections. This result however
underlines the importance of comprehensive examination of both sur
face and cross-sections in order to reveal the complete and realistic
picture of the corrosion interaction.
The high resolution SEM images of the near-surface zone are shown
in Fig. 12. The surface of steel is covered by a continuous and very thin
oxide film (Fig. 12 a). The oxide film has a bilayer structure with a
thickness of about 200 nm in the average (Fig. 12 b). Based on the EDS
analysis carried out along the oxide cross-section, the outer sub-layer is a
Cr-based oxide (Fig. 13). The inner sub-layer is enriched in Al. In the
sub-oxide zone the Cr-depleted layer is detected confirming diffusion of
Cr toward surface to form outer Cr-rich oxide layer. After the Crdepleted layer the zone with serrated increased chromium content is
detected followed by the secondary Cr-depleted zone after which the

Fig. 6. XPS depth profiles of elements in oxide and sub-oxide layers formed on
the surface of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al steel after test at 500 ◦ C in static
Pb-Bi eutectic for 10,000 h.

Fig. 7. Secondary-electron image of surface area populated with pits on Fe14Cr-2Mn-20Ni-0.5Cu-3Al sample after the test at 500 ◦ C in static Pb-Bi
eutectic for 10,000 h. Sample is cleaned chemically with respect to solidified
Pb-Bi.

Several pits with lacy covers were milled from the surface by means
of focused ion beam approximately in the middle in order to investigate
the details of near-surface structure and composition of the pit on the
micro cross-section. Fig. 10 a shows characteristic back-scattered elec
tron image of the pit cross-section. The pit center is a hemispherical

Fig. 8. Secondary-electron images of separated pit formed on the surface of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al sample after the test at 500 ◦ C in static Pb-Bi eutectic for
10,000 h. Sample is cleaned chemically with respect to solidified Pb-Bi.
6
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Fig. 9. Secondary-electron images of separated pit formed on the surface of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al sample after the test at 500 ◦ C in static Pb-Bi eutectic for
10,000 h. Sample is cleaned chemically with respect to solidified Pb-Bi.

Fig. 10. Back-scattered electron images of pit cross-section, made by surface milling with focused ion beam. Surface of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al sample after the
test at 500 ◦ C in static Pb-Bi eutectic for 10,000 h. Sample is cleaned chemically with respect to solidified Pb-Bi.

chromium content stabilizes at level corresponding to the steel compo
sition (Fig. 13). One might reasonably assume that the sub-oxide zone
with marked redistribution of elements detected in the range of
500–2100 nm on the X axis (Fig. 13) correlates with the fine-grained
part of the structurally-modified zone (Fig. 11).
The distribution of elements measured by EDS line analysis agrees
very well with the XPS profile obtained through the depth of oxide film
starting from surface (compare Figs. 6 and 13) and confirms the bilayer
structure (Cr/Al) of the formed oxide film.

3.3. Fe–14Cr–5Mn–12Ni–3Cu–2.5Al steel
Fig. 14 shows a general overview (a) and more detailed view (b) of
the surface of the low Ni steel sample after exposure to and subsequent
removal from the solidified Pb-Bi. Similar to the high Ni steel the slight
surface oxidation is observed (Fig. 14 b).
The characteristic XP spectra of Fe, Cr, Ni, Mn, Al and O obtained
through the depth of oxide film from the surface of cleaned sample are
shown in Fig. 15. The Fe2p3 spectra, within the surface etch levels
7
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Fig. 11. Morphology and composition of near-surface zones observed on the transversal cross-sections of cylindrical sample of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al steel
after the test at 500 ◦ C in static Pb-Bi eutectic for 10,000 h. a) - back-scattered electron image; b) - profiles of elements in the structurally-modified near-surface zone
of steel.

Fig. 12. Cross section of the Fe-14Cr-2Mn-20Ni-0.5Cu-3Al steel sample after test at 500 ◦ C in static Pb-Bi eutectic for 10,000 h. a) – general view of surface and nearsurface zones. b) – detailed view of oxide layer and sub-oxide zone specified by area in a).

Fig. 14. Surface of the Fe-14Cr-5Mn-12Ni-3Cu-2.5Al corrosion sample after
exposure at 500 ◦ C to static Pb-Bi for 10,000 h. a) – three-dimensional overview
of the corrosion sample and b) – detail out of a) with higher magnification.
Sample is cleaned chemically with respect to solidified Pb-Bi.

707.1 eV is detected in the deeper regions (etch levels # 23-104). The
peaks of Cr2p at 577.3 eV are consistent with the chromium oxide
detected up to the etching level # 30 (Fig. 15 b) [32]. The peaks of
metallic Cr at 574.3 eV are revealed in the range of the etching levels #
30–104 (Fig. 15 b). Metallic Ni at 853.0 eV is detected within the etching
levels # 24–104 (Fig. 15 c). The Mn2p spectra at the surface levels # 1 –
40 correspond to the Mn-oxide with binding energy of 642 eV (Fig. 15 d)
[32]. The oxidizing state of Mn is detected up to the last etch level # 104

Fig. 13. Distribution of elements in oxide and sub-oxide layers formed on the
surface of Fe-14Cr-2Mn-20Ni-0.5Cu-3Al steel sample after test at 500 ◦ C in
static Pb-Bi eutectic for 10,000 h.

ranging from # 0 to # 19 show peaks with the binding energies of
710.5 eV corresponding to the oxidation state of Fe that might be
associated with FexCr3−xO4 spinel (Fig. 15 a) [31]. The metallic Fe with
8

V. Tsisar et al.

Corrosion Science 195 (2022) 109963

Fig. 15. XPS spectra as function of depth obtained from the surface of Fe-14Cr-5Mn-12Ni-3Cu-2.5Al steel exposed at 500 ◦ C to static Pb-Bi eutectic for 10,000 h. a)
Fe2p3; b) Cr2p; c) Ni2p3; d) Mn2p; e) Al2p and f) O1s.

with decrease in the binding energy to 641 (+0.3) eV. The Al2p signals
corresponding to the Al oxide change at the surface layer from 74.9 to
76 eV at etch level # 30 and continued to be detected at the deeper
etching levels (Fig. 15 e). The weak signals of metallic Al at 72.8 eV are

detected starting from the etch level # 95. The strong O1s spectra are
detected up to the etch level # 75 clearly revealing the ranges of the
oxide film (Fig. 15 f). Similar to the XP spectra obtained from the high
Ni-steel (Fig. 5e) the binding energies of O1s signals change with the
9
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etching depth from 530.7 eV (# 1–12) to 531.5 eV (# 18) and further to
532.2 eV (# 24) and 532.7 eV (# 48) that most probably indicates about
formation of defected oxides [31,33].
Fig. 16 shows the depth profiles of elements in the oxide and suboxide zone. Interpretation of the peaks (Fig. 15) and profiles (Fig. 16)
results in the assignment of the surface oxide film with a Al-based oxide
slightly alloyed at the surface by Fe, Mn and Cr.
Detailed surface examination of exposed and cleaned sample reveals
a parallel-arranged vermicular nodules oriented perpendicular with
respect to the main longitudinal axis of the sample (marked by arrows in
Fig. 17 a). The length of these nodules is in the order of several tens of
microns, while the width and the height are in the order of several mi
crons (see Fig. 17 b). The nodule consists of an agglomerate of faceted
oxide crystallites which according to the EDX analysis contain mainly Fe
(~50 mass%) and Mn (~20 mass%) (Fig. 17 c). The formation of these
vermicular protrusions might be correlated to surface pattern stemming
from the final turning step of sample manufacturing. One might specu
late that these places are prone to a more intensive oxidation due to the
formation of thicker oxide protrusions. Re-precipitation of initially
leached components can be excluded since it should have a more
random character and would not be associated with the surface pattern.
Fig. 18 a shows the typical morphology of the near-surface zone
observed on the metallographic cross-sections of low Ni steel. Similar to
the high Ni steel, two distinct zones are observed. The top surface zone
with the fine-grained structure is however about three times thicker and
reaches of 15.9 ( ± 3.3) µm in depth. It looks rooted into the steel bulk.
The redistribution of Fe, Cr, Mn, Ni and Cu is detected within this zone
(Fig. 18 b). The near-surface zone characterized by increased surface
hardness reached of 363 ( ± 6.8) HV50 while the hardness of annealed
matrix averaged 304 ( ± 15) HV50.
High-resolution micrographs, obtained from the sub-oxide zone,
allow to reveal that the grain size even decreases towards the oxide film
from the fine-grains with average grain size of about 1 µm to the ultrafine grains with the grain size of 300 ( ± 100) nm (Fig. 19 a). A
continuous monolayer of oxide film with a thickness averaging 50 nm is
revealed (Fig. 19 b).
The depth profiles of elements in the oxide and sub-oxide zone are
shown in Fig. 20. Based on the profile and the XP spectra (Fig. 15) the
oxide film is composed mostly of Al and slightly alloyed by Fe and Mn
with Cr enrichment beneath. Nickel does not present in the oxide layer.

4. Discussion
The experimental data presented above show that Al-alloyed
austenitic steels with “high” and “low” Ni content demonstrated in
general a very good long-term (10,000 h) corrosion resistance in static
Pb-Bi eutectic at 500 ◦ C under the variation in corrosion conditions of
test from oxidizing to dissolving liquid metal (Fig. 3). Steels were
demonstrated mostly slight oxidation which is a very promising result
for their qualification as a candidate material for the application in
contact with the Pb-based melts (Pb, Pb-Bi).
The low Ni steel does not show the corrosion damages which might
be associated with the localized leaching of steel constituents by liquid
metal. In the case of high Ni steel, however, the rare pits were detected
on the surface indicating about the initiation of the dissolution corro
sion. This, most probably, is a result of different oxidation behavior
between the steels. Thus, the oxidation of the high Ni steel resulted in
the formation of the bilayer oxide film with the outer Cr(Fe)-based and
inner Al-rich oxide sub-layers of 200 nm thickness on average. The four
times thinner (50 nm) single layer of Al-rich oxide was formed instead
on the surface of low Ni steel. The Al-based oxide film therefore might be
characterized as a more protective. In this view the low Ni steel alloyed
by Al indeed might be called as an alumina-forming austenitic steel
(AFA) similar to the widely used name of this class of steels and alloys
developed specifically for the high-temperature application in gaseous
environments.
The oxide films formed on the surface of both steels showed in
general good durability under the purposeful and controlled repetitive
changes in the oxygen concentration in the liquid metal in order to
provide oxidation and dissolution corrosion modes. One might suppose
that the steels form oxide films during the initial period (~1100 h) when
liquid Pb-Bi eutectic has high oxidation potential (10−6 mass%). As the
concentration of oxygen decreased to ~10−9 mass%, in order to provide
dissolving conditions of the liquid metal, the initially formed oxide film
might start to degrade locally. A decrease in the oxygen concentration
should destabilize the Fe-based oxides since 10−9 mass% O is already
below the stability of magnetite (Fe3O4) at 500 ◦ C [25]. However the
oxides formed on the steels are composed of the elements that have
higher affinity to oxygen than Fe, i.e. of Cr and Al and therefore
continuing act as an effective protective barriers against the dissolution
corrosion. After the following return to the oxidizing conditions of the
Pb-Bi, these oxide films are already operating as an oxidation-resistant
barriers. The re-healing processes, of potentially degraded surface
areas of oxide, might also take place after the return to the oxidizing
melt. With further cycles, the corrosion interaction should not differ
substantially. However, as it was discussed above, the localized disso
lution corrosion is observed after 10,000 exposure on high Ni steel
covered by bilayer Cr/Al oxide film. There are a lot of potentially
possible reasons which might explain the initiation of the pit-type
damages as a result of degradation in protective properties of first
formed oxide layer by means of the speculations around the local
compositional inhomogenities arising from the side of the liquid as-well
as solid metals. However here we would like to focus on the possible role
of the clearly observable structural feature of steels namely on the effect
of near-surface zone with modified structure formed as a result of sur
face machining.
As it was shown in the results, the structurally-modified zone consists
of a fine-grained sub-zone at the top and an intermediate deformed subzone followed by the “normal” annealed structure of steel. The finegrained zone is about five times thicker for low Ni steel (compare
Fig. 11 a and Fig. 18 a). This might be a possible logical reason of marked
compositional differences in oxide films formed on the steels. The
presence of a structurally-modified near-surface zone might affect the
corrosion response of the steels in different manner depending on the
dominating corrosion mode, i.e. oxidation or dissolution. In the latter
case, the fine-grained and deformed structure of the near-surface zone
should only accelerate the dissolution attack. In contrast, in the

Fig. 16. XPS depth profiles of elements in oxide and sub-oxide layers formed on
the surface Fe-14Cr-5Mn-12Ni-3Cu-2.5Al steel after test at 500 ◦ C in static PbBi eutectic for 10,000 h.
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Fig. 17. Morphology of surface of Fe-14Cr-5Mn-12Ni-3Cu-2.5Al sample after the test at 500 ◦ C in static Pb-Bi eutectic for 10,000 h. Sample is cleaned chemically
with respect to solidified Pb-Bi.

Fig. 18. Morphology and composition of near-surface zones observed on the transversal cross-sections of cylindrical sample of Fe-14Cr-5Mn-12Ni-3Cu-2.5Al steel
after the test at 500 ◦ C in static Pb-Bi eutectic for 10,000 h. a) - back-scattered electron image; b) - profiles of elements in the structurally-modified near-surface zone
of steel.

oxidizing liquid metal, the near-surface zone might provide the forma
tion of a more protective oxide layer due to the structurally-enhanced
diffusion of Cr and Al into oxide layers, that is well known from the
gaseous oxidation [37]. Accordingly, the corrosion response of steels is
always a combined action of alloying and structure from the side of the
solid metal and chemistry of the liquid metal. The favorable combina
tion of these factors may result in formation of protective oxide barriers
similar to those we are observing in this work. The unfavorable com
bination of these factors, like alloying by highly soluble elements, high
density of structural borders and conditions in the liquid metal pro
moting leaching of steel constituents, will only favor the initiation and

development of the dissolution corrosion.
The results obtained in this work corroborate very well with the our
previous findings regarding effect of bulk structure and surface finish on
the corrosion response of steels to lead-based liquid metals, i.e.: struc
tural factors which, on the one hand, favor oxidation, might, on the
other hand, promote the dissolution attack [16, 38–42]. However, in this
work, we were able to study in more detail the structure and composi
tion features of the near-surface zones formed by turning. The obtained
results agreed very well with the effect of machining-induced near-
surface structural transformations on steels which contact other than
liquid metals corrosion media [43–46].
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Fig. 19. Structure of oxide film and sub-oxide zone formed on the surface of Fe-14Cr-5Mn-12Ni-3Cu-2.5Al steel after test at 500 ◦ C in static Pb-Bi eutectic
for 10,000 h.
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A long-term corrosion test for a duration of 10,000 h was carried out
to characterize the corrosion performance of aluminium-alloyed Fe14Cr-2Mn-20Ni-0.5Cu-3Al and Fe-14Cr-5Mn-12Ni-3Cu-2.5Al austenitic
steels at 500 ◦ C in a static Pb-Bi eutectic depending on the concentration
of dissolved oxygen which varied during the course of test from “high”
(~10−6 mass%) to “low” (~10−9 mass%) providing domination of
oxidation and dissolution interaction modes between steels and liquid
metal, respectively. The experimental results allow the following con
clusions to be formulated:
• Fe-14Cr-2Mn-20Ni-0.5Cu-3Al and Fe-14Cr-5Mn-12Ni-3Cu-2.5Al
steels formed very thin and protective bilayer Cr(Fe)-O/Al-O
(~200 nm) and single layer Al(Mn, Fe, Cr)-O (~50 nm) oxide
films, respectively;
• Formed oxide films showed high durability during the repeating
change of the corrosion character of liquid Pb-Bi from the oxidizing
into the dissolving medium;
• Rare corrosion pits revealed on the high Ni steel indicate that formed
Cr(Fe)-O/Al-O oxide film might fail locally the protective properties
resulting in initiation of localized dissolution corrosion;
• Both steels are characterized here as a potential candidate materials
for application in Pb-Bi eutectic.
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