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A B S T R A C T

This research investigates the corrosion behavior of three different ferritic/martensitic steels (P91, 1.4748, 
1.4136) in liquid lead containing 2 × 10− 7 wt% dissolved oxygen. Additionally, one of the steels (P91) is surface- 
aluminized by pack cementation prior to Pb exposure to explore the efficacy of an aluminide coating. The aim of 
this study is to explore the possibility to extend the use from a corrosion point of view of the selected F/M steels 
in liquid Pb up to 700 ◦C. To gain a better understanding of the corrosion behavior over time, exposure tests with 
three different durations up to 5000 h are performed. Post-exposure analysis demonstrates oxidation on all 
materials in the initial stage, followed by various differing scenarios specific for each material and exposure 
temperature. These range from oxidation with protective properties and selective Cr dissolution with inter
granular Pb penetration to total dissolution.

1. Introduction

Ferritic/martensitic (F/M) steels offer several advantages when 
applied as structural material in future thermal energy storage (TES) 
systems and advanced nuclear fission and fusion technologies. Their low 
thermal expansion and good thermal conductivity help reduce thermal 
stress and deformation during temperature fluctuations. Moreover, F/M 
steels are cheaper and less susceptible to swelling and embrittlement 
under neutron irradiation compared with austenitic steels [1,2]. TES 
and nuclear systems operate at high temperatures, necessitating the use 
of effective heat transfer fluids. Heavy liquid metals are attractive heat 
transfer media, because they possess excellent thermal and physical 
properties to ensure optimal operational efficiency [3,4]. However, 
liquid metals are aggressive towards structural materials. The compat
ibility of F/M steels, particularly the 9Cr-1Mo alloys T91 and P91, in 
liquid lead (Pb) and lead-bismuth eutectic (LBE) under different tem
peratures and oxygen concentrations has been extensively studied. Most 
literature emphasizes the crucial role of dissolved oxygen content in the 
liquid metal, as it facilitates the in-situ formation of protective oxide 
layers that mitigate corrosion. In case of an insufficient oxygen content, 
dissolution of alloying constituents into the lead can occur, which in
creases the risk of liquid metal penetration into the steel matrix [5,6]. In 
contrast, an excessive oxygen level, especially at high temperature, can 

result in the growth of thick oxide layers, which reduce heat transfer and 
may break off due to accumulated stress in the scale. This can block flow 
channels and lead to further oxidation or liquid metal attacks. Heinzel 
et al. [7] reported that P91 developed a 36 µm thick multi-layer oxide 
scale, comprising an outward growing magnetite layer (14 µm), an in
ward growing Fe-Cr spinel layer (11 µm), and an inner oxidation zone 
(IOZ, 11 µm) after 2000 h exposure to liquid Pb with an oxygen con
centration of 10− 6 wt% at 550 ◦C. Similar oxidation behavior was also 
reported for T91 steel at 480–550 ◦C in oxygen saturated LBE [8,9] and 
in flowing (1 m/s) LBE with 10− 6 wt% oxygen [10]. In the latter case, 
the overall oxide layer thickness reached 45 µm after 2000 h at 550 ◦C. 
Most studies are limited to exposure temperatures up to 550 ◦C, while 
literature on 600 ◦C and above, the temperature range anticipated for 
future TES systems, is scarce. Here, enhanced oxide growth and/or 
corrosion attack is expected on the surface of F/M steels and measures 
are sought to protect structural materials from excessive liquid metal 
corrosion/oxidation.

A slowly growing, thin alumina layer is recognized as one of the most 
stable and insoluble oxides in liquid metal. Surface treatments, such as 
alloying Al into the steel surface [11,12] and modifying FeCrAlY coat
ings on T91 [10], both by GESA treatment, have been shown to effec
tively promote the formation of an alumina layer on steel substrates with 
oxide thicknesses below 1 µm. Alumina-forming coatings have been 

* Corresponding author.
E-mail address: renate.fetzer@kit.edu (R. Fetzer). 

Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

https://doi.org/10.1016/j.corsci.2025.113142
Received 6 May 2025; Received in revised form 20 June 2025; Accepted 23 June 2025  

Corrosion Science 255 (2025) 113142 

Available online 23 June 2025 
0010-938X/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-5870-6506
https://orcid.org/0000-0001-5870-6506
https://orcid.org/0000-0001-7504-0160
https://orcid.org/0000-0001-7504-0160
mailto:renate.fetzer@kit.edu
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2025.113142
https://doi.org/10.1016/j.corsci.2025.113142
http://creativecommons.org/licenses/by/4.0/


applied to T91/P91 using different techniques, including physical vapor 
deposition (PVD), pulsed laser deposition (PLD), and diffusion coating 
via pack cementation [13–15]. Among these techniques, aluminide 
diffusion coating stands out due to its cost-effectiveness, industrial 
availability and, most importantly, the strong adhesion between the 
aluminide coating and the substrate. Deloffre et al. [15] reported that 
aluminized T91 demonstrated satisfying corrosion behavior in static LBE 
at temperatures up to 500 ◦C for up to 3000 h with oxygen contents as 
low as 10− 9 wt%. However, at an elevated temperature of 600 ◦C and 
oxygen content in the range of 10− 8-10− 9 wt%, the material exhibited 
heterogeneous corrosion behavior, with the formation of a corrosion 
layer marked by aluminum depletion and steel dissolution. It remains an 
open question whether an oxygen content higher than 10− 8 wt% could 
enable the formation of a protective alumina layer and mitigate corro
sion at 600 ◦C.

To date, there is a research gap regarding the corrosion resistance of 
P91 in liquid Pb at exposure temperatures of 600 ◦C and above. Simi
larly, the corrosion behavior of commercial F/M pump and valve steels, 
1.4136 and 1.4748, has not yet been investigated in this temperature 
range. Therefore, this study aims at investigating and assessing the 
compatibility of these materials in liquid Pb at the temperatures 600 and 
700 ◦C. For the exposure tests, an oxygen content of 2 × 10− 7 wt% was 
selected, which allows formation of Fe spinel, Cr-oxides, and Al-oxides, 
while avoiding oxidation of Pb and excessive oxidation of the steel 
surfaces. To gain a better understanding of the corrosion behavior over 
time, three different exposure periods, extending up to 5000 h, have 
been selected. In addition, the efficacy of an aluminide coating applied 
to P91 by pack cementation is assessed under the same exposure 
conditions.

2. Materials and methods

2.1. Materials

Three F/M steels of different composition were selected for the 
exposure tests. Table 1 presents their chemical composition. P91 is a 
commercial 9 wt% Cr martensitic steel and available at the KIT in
ventory. Fig. 1a shows the initial microstructure of P91 after etching. A 
martensitic microstructure with a grain size of 30–50 µm is observable. 
In this study, P91 was exposed to liquid Pb in two different conditions: as 
received and aluminized. The pump and valve steel 1.4748 with 
~17–18 wt% Cr and the ferritic pump steel 1.4136 with 27–30 wt% Cr 
were provided by the company KSB, Germany. The steel 1.4748 was 
delivered in annealed condition. Its microstructure is characterized by a 
martensitic matrix interspersed with Cr-rich carbide precipitates 
(Fig. 1b). The microstructure of 1.4136 is shown in Fig. 1c. Ferritic 
grains with an average size of 55 µm are visible, along with CrFeMo 
complex carbides primarily located at the grain boundaries. Some Al- 
nitride precipitates and pores are also found.

The materials were cut into coupons measuring 27 × 8×2 mm, 
except for 1.4748, which was cut into half-cylinders with a diameter of 
19 mm and a height of 10 mm. The samples were then polished with 
#1200 SiC paper and cleaned with ethanol prior to the corrosion tests. 
High purity lead bars (99.995 %), supplied by HMW Hauner GmbH Co. 
KG, were used. The lead bars were melted and poured into alumina 
crucibles, which were subsequently placed on a nickel-based tray to 
allow multiple samples to be loaded in one test series.

Aluminide coatings were deposited on P91 using the industrially 

established method of pack cementation at 1000 ◦C for 1 h. P91 samples 
were embedded inside alumina retorts in a pack mixture consisting of 
1.5 wt% Al as the master alloy, 1 wt% NH4Cl as the activator, and Al2O3 
(rest) as the inert filler and, thereafter, placed inside a horizontal test rig 
equipped with a quartz glass tube. Prior to the heating, the tube was 
evacuated using a vacuum pump and filled with Ar three consecutive 
times. Thereafter, the heating and the coating deposition were con
ducted under flowing Ar/5 vol% H2. After the dwell time of 1 h, the 
samples were cooled down in the furnace followed by their removal 
from the retorts and cleaning in an ultrasonic acetone bath. Further 
details on the coating manufacturing process can be found in [16,17]. 
The selection of such a high coating manufacturing temperature origi
nates from the formation of brittle Al-rich intermetallic phases such as 
Fe2Al5 at inferior coating temperatures, jeopardizing the mechanical 
behavior of components [18,19]. Despite the possibility of performing 
the coating manufacturing at a temperature matching the austenitiza
tion temperature of P91, the process requires constant Ar/H2 flow in a 
glass tube and hence cannot be coupled with a fast cooling process to 
restore the martensitic microstructure. As a result, it is accompanied by 
the requirement of a post-coating heat treatment for F/M steels as re
ported in [20]. After the coating deposition, aluminized P91 samples 
were heat-treated with a two-step process including the austenitization 
at 1050 ◦C for a soaking time of 30 mins, after which the samples were 
removed from the furnace to enable fast air-cooling, followed by a 
tempering treatment at 770 ◦C for 1 h, both undertaken in a muffle 
furnace to restore the tempered martensitic microstructure. More details 
on the heat treatment of P91 steel can be found in [21,22]. It should be 
noted that during the heat treatment process undertaken to restore the 
original P91 microstructure, the aluminide coating microstructure was 
possibly altered before the exposure in molten Pb due to the formation of 
an Al-rich oxide scale in still air and interdiffusion with the substrate as 
highlighted in [23]. Owing to the necessity of a heat treatment to restore 
the original microstructure and thus the high creep strength of the alloy, 
further sections will refer to the heat-treated aluminized P91 as the 
initial condition.

2.2. Corrosion tests

The stagnant corrosion test was carried out at the COSTA facility at 
KIT under controlled oxygen concentration [11]. The facility includes a 
furnace with a quartz glass tube inside, where a nickel-based tray con
taining alumina crucibles filled with liquid Pb is placed. One end of the 
quartz glass tube is closed, while the other remains open and can be 
sealed with a removable cap equipped with gas inlet and outlet ports. To 
regulate oxygen levels within the quartz-glass tube and consequently 
dissolved oxygen in liquid Pb, a continuous flow of a gas mixture with a 
defined H2/H2O ratio was used. Samples were loaded once the oxygen 
partial pressure in the system was conditioned to the target value and 
equilibrium was achieved between the gas phase and the liquid Pb. A 
conditioned glove box was employed during sample loading and 
unloading to prevent unexpected oxygen ingress. The oxygen partial 
pressure was measured at the gas outlet, allowing for calculation of the 
concentration of dissolved oxygen in liquid Pb based on oxygen satu
ration data [24]. The target oxygen content was 2 × 10− 7 wt%, which 
was monitored throughout the entire test period, see Fig. 2. The tests 
were conducted at two temperatures, 600 and 700 ◦C, for durations of 
1000 h, 2000 h, and 5000 h. In the tests at 600 ◦C, the achieved oxygen 
content varied between 1 × 10− 7 wt% and 2 × 10− 7 wt%, while the 

Table 1 
Nominal composition of F/M steels in wt%.

Material C N S Cr Ni Si Mn Mo V Nb Fe

1.4903 (P91) 0.08–0.12 0.03–0.07 ≤ 0.02 8.0–9.5 ≤ 0.4 ≤ 0.5 0.3–0.6 0.85–1.05 0.18–0.25 0.06–0.1 bal.
1.4748 0.8–0.9 ​ 0.03 16.5–18.5 ​ ≤ 1.0 ≤ 1.5 2.0–2.5 0.3–0.6 ​ bal.
1.4136 0.5–0.9 ​ 0.03 27.0–30.0 ​ ≤ 2.0 ≤ 1.0 2.0–2.5 ​ ​ bal.
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values ranged from 1 × 10− 7 wt% to 5 × 10− 7 wt% in the tests at 700 
◦C.

2.3. Characterization methods

After removal from the COSTA facility, the samples were cooled to 
room temperature under a controlled atmosphere and then cut into two 
parts. The first part of each sample was used for cross-sectional analysis 
and embedded in resin without any prior cleaning. The samples were 
metallographically prepared by grinding with SiC paper until 4000 grit 
and polishing with a diamond suspension down to 1 µm. Prior to cross- 
sectional analysis, the samples were sputtered with Au to improve the 
electrical conductivity. Scanning electron microscopy (SEM, Zeiss LEO 
1530 VP), equipped with an energy-dispersive X-ray spectrometer (EDS) 
and electron backscatter diffraction (EBSD), was employed for the 
analysis. In addition to the samples tested after exposure, the original 
pre-exposure samples were prepared for cross-section analysis to 
investigate the initial microstructure. To reveal the microstructure, 
some of the exposed samples, along with the original sample, were 
etched using a mixture of 200 ml ethanol, 25 ml hydrochloric acid, 
25 ml nitric acid, and 3 g picric acid. Microstructural images were then 
acquired using an optical microscope (Olympus BX60M). For X-ray 
diffraction (XRD, Seifert 3003 PTS) analysis, the second part of each 
sample was cleaned from adherent lead by immersing into a mixture of 
acetic acid, hydrogen peroxide, and ethanol in a 1:1:1 ratio, followed by 
rinsing with distilled water and ethanol. This analysis aimed at identi
fying the coating structure deposited after the pack-cementation process 
and the corrosion products formed during exposure. In addition, EBSD 
investigation was performed to reveal microstructural changes in the 
exposed P91 samples. Following the described preparation protocol, the 
sample cross-sections were further polished with a 1/4 µm diamond 
suspension, then polished with a vibratory polisher using a colloidal 
silica suspension for 4 h.

3. Results and discussion

3.1. Martensitic steel P91

Fig. 3a shows the cross-sectional image of P91 steel after 1000 h of 
exposure in liquid Pb at 600 ◦C. A multi-layer oxide structure, consisting 
of an outer and an inner oxide layer, has developed on P91. According to 
the EDS line scan in Fig. 3b and EDS elemental mapping shown in 
Fig. 3c, the 10 µm thick outer oxide layer is mainly composed of Fe and 
O, and it is identified as Fe3O4 (magnetite) by the XRD results, see Fig. 4. 
However, the outer magnetite layer appears porous and exhibits local 
delamination, allowing liquid Pb to penetrate (see Pb mapping in 
Fig. 3c). The inner oxide layer, with a thickness of 8–12 µm, is confirmed 
as Fe-Cr spinel. Liquid Pb is also detected within the inner Fe-Cr spinel, 
indicating that the spinel is not completely protective against liquid Pb 
penetration. According to the line scan in Fig. 3b and the mapping result 
in Fig. 3c, a Cr-rich spinel accompanied with Si-enrichment is observed 
at the interface between the inner oxide layer and the bulk. Below the 
continuous spinel layer, some small oxide roots are observed. The oxide 
structures identified after 1000 h are very similar to those reported in 
another study for exposure at 550 ◦C for 2000 h in liquid Pb with an 
oxygen content of approximately 10⁻⁶ wt% [7].

Fig. 3d shows a representative cross-sectional image of P91 after 
2000 h of exposure, on which a continuous Fe-Cr spinel layer with a 
thickness of 2–3 µm can be seen. No magnetite layer is detected. This can 
be interpreted in two ways: either no magnetite was formed at all or the 
previously formed magnetite layer has completely spalled off. It is 
notable that the 2000 h sample exhibits a lower thickness of the Fe-Cr 
spinel layer compared with the 1000 h sample despite the longer 
exposure time. This discrepancy could be attributed to a slightly lower 
oxygen concentration in the liquid Pb at the beginning of the 2000 h 
exposure (see Fig. 2). The initially lower oxygen concentration could 
also be responsible for the formation of Cr-rich Fe-Cr spinel instead of 
Fe-rich oxide, see line scan in Fig. 3e versus Fig. 3b. Cr-rich spinel is 
typically denser, thus reducing the diffusion of Fe and O. In addition to 
the slower growth of the spinel, this could also explain the absence of 

Fig. 1. Bulk microstructure of original materials a) P91, b) 1.4748, and c) 1.4136. Shown are optical microscope images after etching.

Fig. 2. Concentration of oxygen dissolved in liquid Pb during the exposure tests. Left: experiments at 600 ◦C, right: 700 ◦C experiments.
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magnetite. Furthermore, Pb penetration is not found, which confirms 
the higher protectiveness of the spinel layer. Similar to the 1000 h 
sample, the spinel layer is enriched in Si at the interface to the bulk and 
some oxide roots are observed below the spinel layer, indicating the 
beginning of inner oxide formation.

After 5000 h of exposure, a continuous oxide scale and an inner 
oxide zone up to 20 µm in depth is observed on the martensitic steel P91 
(Fig. 3f). The oxide scale is verified as Cr-rich Fe-Cr spinel by the line 
scan (Fig. 3g) and XRD results, see Fig. 4, while the inner oxide is 
identified as Cr2O3, with Si and Mn enrichment at the tips of the oxide 
branches (Fig. 3g). The Cr content of the spinel is similar or even slightly 
higher than on the 2000 h sample, suggesting slow growth of a dense 
and protective scale without magnetite formation. As in the beginning of 
the 2000 h exposure, also the 5000 h test had a slightly lower oxygen 
concentration. No liquid Pb is detected, which confirms that the oxides 
provide effective protection against liquid Pb corrosion. The oxidation 
of Cr results in a Cr depletion of the steel matrix in the vicinity of the 
oxides, see Fig. 3g. EBSD phase mapping (Fig. 3i) reveals ferritization of 
the martensite structure down to a depth of 30–40 µm, most probably 
caused by the Cr depletion in this region.

The corrosion behavior of P91 at 700 ◦C is presented in Fig. 5. After 
1000 h of exposure, an inward-growing oxide is found, progressing 
presumably along the grain boundaries to a depth of 10 µm (Fig. 5a). 
According to the elemental mapping in Fig. 5c, the oxides are primarily 
composed of Cr and O, which corresponds well with Cr2O3 as identified 
from the peaks in the XRD pattern in Fig. 4. Additionally, the surface- 
near oxides contain some Fe, which agrees with the XRD peaks identi
fied as Fe-Cr spinel, while the oxides at the interface to the steel are 

enriched in Si. Below the oxidation zone, EBSD mapping shows ferriti
zation, see Fig. 5b, presumably due to the slight Cr depletion observed in 
this region (Fig. 5c). Additionally, Mn-sulfide precipitates are formed 
along the grain boundaries in the ferrite zone, see Fig. 5d for the result of 
an EDS line scan through one of these precipitates. Note that Mn has 
fairly high affinity for sulfur. Sulfur in this case may be present as an 
impurity in the liquid Pb or originate from the substrate, as sulfur may 
also be present in the steel, see Table 1. Besides Cr depletion, the EDS 
mapping of Cr in Fig. 5c also indicates the dissociation of Cr-rich car
bides, as P91 steel is known to contain carbides, particularly of type 
M23C6 at the grain boundaries [25].

The depth of the inward-growing intergranular oxidation increases 
with increasing exposure time, reaching 35 µm after 2000 h and 110 µm 
after 5000 h (see Fig. 5e and f). In these locations with deep inter
granular oxidation, the Mn-sulfides observed along grain boundaries in 
the surface-near region after 1000 h exposure have disappeared. How
ever, in regions where the inner oxidation is less deep, the MnS pre
cipitates are still present after 2000 h and 5000 h exposure. A noticeable 
depletion of Cr is observed within the oxidation zone after 5000 h 
(elemental mapping in Fig. 5g), which is attributed to the preferential 
oxidation of Cr.

Although lead penetration into the oxidized region is observed for all 
three exposure times, no Pb penetration into the bulk of P91 is found 
after the tests at 700 ◦C.

A summarized assessment is presented in Table 2, providing an 
overview of the development of the corrosion behavior of P91 over the 
exposure times at both temperatures. At 600 ◦C, a continuous Fe-Cr 
spinel layer grows, the Cr content of which depends on the exact 

Fig. 3. P91 samples after exposures in liquid Pb at 600 ◦C. a) BSE image after 1000 h, b) corresponding line scan result, c) corresponding EDS elemental mapping 
result, d) BSE image after 2000 h, e) corresponding line scan result, f) BSE image after 5000 h, g) corresponding line scan result, h) SE image after 5000 h, i) 
corresponding EBSD phase mapping result.
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exposure conditions, i.e., the concentration of oxygen dissolved in the 
liquid lead. Only the sample exposed for 1000 h, which was exposed to 
the highest oxygen content compared to the longer durations, shows 

formation of outward-growing magnetite and Fe-Cr spinel with a rela
tively low Cr content of ~6 at%. However, these oxides are not pro
tective against penetration of Pb into the oxide scale. In contrast, the 
thinner Fe-Cr spinel formed after 2000 h and 5000 h exposure, with 
higher Cr contents of ~27 at% and ~32 at%, respectively, is dense and 
effectively protects against Pb penetration. It is also worth noting that 
the oxygen content of the 2000 h exposure was slightly higher than that 
for the 5000 h exposure. This demonstrates that the lower the oxygen 
content is, the higher is the Cr content of the spinel, the thinner is the 
spinel layer formed, and the more protective and stable it is. Inward- 
growing selective oxidation of Cr along grain boundaries is observed 
in all cases, no matter what the Cr content and density of the spinel is.

At 700 ◦C, the thin Fe-Cr spinel formed at the surface is unstable and 
becomes discontinuous in some areas. Liquid Pb penetrates the inward- 
growing oxide. The inward-growing oxidation along grain boundaries 
proceeds faster than at 600 ◦C.

In addition to the selective oxidation of Cr, the oxides are enriched in 
Si at the oxidation front respectively at the tips of the inward-growing 
oxide branches, which has been observed previously [26–28]. Neither 
Pb penetration into the bulk material nor selective dissolution of Cr are 
observed in any of the tests, which suggests that the oxides grown on 
P91 are protective against lead corrosion at both temperatures.

Fig. 4. XRD results of P91 before and after exposures at 600 ◦C and 700 ◦C for 
different exposure times.

Fig. 5. P91 samples after exposures at 700 ◦C. a) SE image after 1000 h, b) corresponding EBSD phase mapping and c) EDS elemental mapping result, d) result of line 
scan through MnS precipitate, e) BSE image after 2000 h, f) BSE image after 5000 h, g) corresponding EDS elemental mapping result.

Table 2 
Summarized assessment of P91 after exposures at 600 ◦C and 700 ◦C.

600 ◦C 700 ◦C

1000 h 2000 h 5000 h 1000 h 2000 h 5000 h

Continuous 
spinel layer

8–12 µm 2–3 µm < 1 µm - - -

Inward- 
growing Cr- 
oxide

5 µm 3 µm 20 µm 10 µm 35 µm 110 µm

Pb penetration 
into oxide

10 µm - - 2 µm 8 µm 14 µm

Pb penetration 
into bulk

- - - - - -

Selective Cr 
dissolution

- - - - - -
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3.2. Steel 1.4748

Fig. 6 presents the bulk microstructure of 1.4748 prior to and after 
the Pb exposure tests. It is evident that the number of Cr-carbides de
creases after exposure at 700 ◦C, while hardly any change in micro
structure is observed after exposure at 600 ◦C. The reduction in the 
number of Cr-carbides at 700 ◦C is attributed to the coarsening of the 
carbides, which occurs more rapidly at elevated temperatures due to the 
accelerated diffusion of alloying elements.

After 1000 h of exposure at 600 ◦C in liquid Pb, the surface of steel 
1.4748 exhibits a continuous 3–5 µm thick Fe-Cr-Mn spinel layer, which 
shows a heterogeneous composition and is locally interrupted by liquid 
Pb penetration with depths up to 30 µm, in one location even 70 µm 
(Fig. 7a). The Pb penetration is accompanied by Cr depletion in the 
matrix (see line scan in Fig. 7b), disappearance of the Cr-carbides due to 
carbide phase dissociation, and formation of small Mn-rich precipitates 
(see also EDS elemental mapping in Fig. 7d). The Cr depletion is 
attributed to oxide formation and to selective dissolution via the leaks in 
the spinel layer. A possible explanation for the discontinuity of the spinel 
layer could be local defects in the previously formed spinel layer or 
microstructural inhomogeneities of the bulk material such as surface- 
near carbides, which may inhibit the outward diffusion of oxide- 
forming elements, thereby preventing oxide re-formation in certain 
areas.

As the exposure duration increases, the previously formed oxide 
layer disappears, leading to an intensification of the extent and severity 
of the corrosion attack. After 5000 h, all pre-formed oxides and the 
original surface of 1.4748 have totally disappeared due to detachment or 
dissolution (Fig. 7c). Additionally, local Pb penetration up to 110 µm 
deep and selective dissolution of Cr in the vicinity of the penetrated Pb 
are observed. The sample exposed for 2000 h showed a totally different 
corrosion behavior due to a fault in the exposure test and was therefore 
not further considered for this study.

The corrosion characteristic observed on the 1.4748 samples exposed 
at 700 ◦C is presented in Fig. 8. The steel surface shows total dissolution/ 
detachment already after 1000 h of exposure, see Fig. 8a. The liquid Pb 
adherent to the steel surface contains remains of the dissolved steel. 
Local remnants of previously formed Cr-, Si-rich oxide are found on the 
steel surface, which are ineffective in providing protection against 
corrosion. The corroded surface is additionally penetrated by Pb up to a 
depth of further 30 µm. Based on the EDS elemental mapping shown in 
Fig. 8b, the Cr-carbides have dissociated to a depth of about 20 µm. 
Since no significant change in Cr concentration is detected in the cor
responding matrix, this corresponds to an overall reduction of the Cr 
content, which is attributed to selective dissolution of Cr into the adja
cent liquid Pb. Complex precipitates rich in Mn and S are found in the Cr- 
depleted region of the steel. Similar corrosion behavior is observed for 
the sample exposed for 2000 h, see Fig. 8c.

On the sample exposed for 5000 h at 700 ◦C, a more heterogeneous 
corrosion behavior is evident, see Fig. 8d. In some areas, inward-grown 
oxide is present. EDS elemental mapping (Fig. 8e) reveals selective 
oxidation of Cr and Mn, while a metallic Fe-rich phase and Pb pene
tration are observed between the oxides. The oxides are enriched in Si at 

the interface to the bulk material. Pb penetration into the bulk is not 
observed in the areas with inward-grown oxide. However, as observed 
next to the oxides, the inward-grown oxide is not stable but becomes 
unstable and detaches. This is believed to be caused by the heteroge
neous structure of the oxide mixed with the metallic phase, the latter 
being susceptible to dissolution in Pb. The only remains of the previously 
formed oxide are some Si-rich oxide islands at the interface to the bulk, 
which is consistent with the behavior observed after 1000 h and 2000 h. 
In regions with dissolved oxide, total dissolution of the steel is observed. 
Additionally, the Cr-rich carbides have dissociated near the surface due 
to selective dissolution of Cr, and Mn-, S-rich complex precipitates have 
formed in this region. Responsible for the obviously better stability of 
the inward-growing oxide on the sample exposed for 5000 h could be 
the temporarily higher oxygen concentration in liquid Pb during the 
5000 h test compared with the shorter exposure tests (Fig. 2).

The behavior of 1.4748 over different exposure times and tempera
tures is summarized in Table 3. At both temperatures, corrosion of 
1.4748 is characterized by an initial inward-growing oxidation of Cr and 
Mn, followed by dissolution/detachment of the unstable oxidation re
gion and total dissolution of the steel. Steel dissolution is accompanied 
by local penetration of Pb and selective dissolution of Cr. The latter 
results in the dissociation of the Cr-carbides and the formation of Mn- 
rich complex precipitates in surface-near regions and surrounding the 
local penetrations of Pb. The range of the Cr depletion is larger at the 
higher temperature due to the higher diffusion rates. The dissociation of 
surface-near Cr-carbides due to selective dissolution of Cr during 
exposure to liquid Pb-Bi eutectic was recently investigated for T91 [29]. 
It was proposed that the Cr dissolution leads to a depletion of Cr in the 
matrix, which destabilizes the Cr-carbide phase and results in the 
respective dissociation.

A possible explanation for the instability of the Fe-Cr-Mn spinel layer 
grown on 1.4748 at 600 ◦C could be the heterogeneity in its composi
tion. Such heterogeneity was not observed for the Cr-rich spinel grown 
on P91 (Fig. 3). Since the Cr contents of P91 (~9 wt%) is similar to the 
Cr concentration in the matrix of 1.4748 (~10 wt%), the heterogeneity 
and inferior stability of the oxide scale grown on 1.4748 might be caused 
by the higher Mn content in 1.4748. It was reported previously that the 
presence of Mn in F/M steels in concentrations around 1–2 wt% has a 
significant effect on the high temperature oxidation resistance [30–32]. 
With contents below ~1 wt%, Mn reduces the oxidation rate and leads 
to more compact oxide scales [30], while Mn in higher concentrations 
increases the oxidation rate and leads to less uniform, discontinuous, 
and less protective oxide scales [32], in particular if the Mn content 
exceeds the Si content [31]. The resulting scale is expected to be more 
susceptible to dissolution when exposed to liquid Pb.

At 700 ◦C, the key feature of corrosion of 1.4748 observed in this 
study is the formation of an inward-growing oxidation region with 
incomplete oxidation (selective oxidation of Cr and Mn). The incomplete 
oxidation is responsible for the instability and dissolution of the entire 
oxidation region into the adjacent Pb. The only remnants of the oxida
tion region after its dissolution are Si-rich oxides previously formed at 
the interface to the steel, indicating their higher stability and good 
adherence to the steel.

Fig. 6. Bulk microstructure of 1.4748. a) BSE image of initial state after etching, b) BSE image after 5000 h exposure at 600 ◦C (unetched), c) BSE image after 5000 h 
exposure at 700 ◦C (unetched).
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3.3. Ferritic steel 1.4136

The change of the bulk microstructure of 1.4136 due to exposure at 
elevated temperature is shown in Fig. 9. After 5000 h of exposure at 600 
◦C, the steel exhibits an elongated chromium-rich phase (bright grey) 
along the ferrite grain boundaries, accompanied by Cr-depleted ferrite 
solid solution (medium dark grey), cf. Fig. 9b. EDS point measurements 
on the Cr-rich phase indicate a composition of 55 at% Fe, 36.5 at% Cr, 
and 4.3 at% Mo, suggesting the presence of a Cr-rich σ-phase. It is 

noticed that the CrFeMo complex carbides (dark grey) are preferentially 
surrounded by the σ-phase. The brightest phase formed at the ferrite 
grain boundaries within the σ-phase is identified as Mo, Si-rich carbide 
precipitates, also known as the χ-phase [33]. Additionally, elongated 
Cr-nitride precipitates are formed. After exposure at the higher tem
perature of 700 ◦C (Fig. 9c), the χ-phase is not observed and the pro
portion of the σ-phase is lower than at 600 ◦C. Unlike at 600 ◦C, the 
σ-phase at 700 ◦C is not interconnected. The Cr-nitride precipitates are 
formed at both temperatures, while Al-nitrides are observed both prior 
to and after the exposures.

Regarding the corrosion behavior, Fig. 10a shows that after 1000 h 
of exposure at 600 ◦C, the 1.4136 steel is covered by a thin (~0.7 µm) 
continuous Cr-rich spinel layer. Locally, the spinel is thicker and shows 
inward growing oxide roots up to 5 µm deep. As shown in the line scan 
(Fig. 10b), the Cr-rich spinel also contains Fe, Si, and Mn. No liquid Pb 
penetration is observable. However, after 2000 h of exposure, inter
granular liquid Pb penetration is observed in the bulk material 
(Fig. 10c), with only localized oxide remaining. This suggests that the 
previously formed Cr-rich spinel is unstable during prolonged exposure 
and does not re-form thereafter. As shown in Fig. 10d, significant 

Fig. 7. 1.4748 samples after exposures at 600 ◦C. a) BSE image after 1000 h, b) corresponding line scan result, c) BSE image after 5000 h, d) EDS elemental mapping 
result of a). Note that the dark regions in Pb are SiC particles, which were embedded in the Pb during the grinding preparation process using SiC abrasive paper.

Fig. 8. 1.4748 samples after exposures at 700 ◦C. a) BSE image after 1000 h, b) corresponding EDS elemental mapping, c) BSE image after 2000 h, d) BSE image after 
5000 h, e) zoom to location marked in d), f) corresponding EDS elemental mapping.

Table 3 
Summarized assessment of 1.4748 after exposures at 600 ◦C and 700 ◦C.

600 ◦C 700 ◦C

1000 h 5000 h 1000 h 2000 h 5000 h

Inward-growing oxide 3–5 µm - remains remains 40 µm
Total dissolution - ✓ ✓ ✓ ✓
Pb penetration 30 (70) µm 110 µm 30 µm 30 µm 60 µm
Selective Cr dissolution ✓ ✓ ✓ ✓ ✓
Range of Cr depletion 10 µm 10 µm 20 µm 25 µm 40 µm
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intergranular penetration of liquid Pb progresses within the bulk of the 
steel, reaching a visible depth of 200 µm after 5000 h of exposure at 600 
◦C, making the outermost grains susceptible to detachment. No remains 
of an oxide layer are found. Notably, the σ-phase, which is typically 
found along the grain boundaries, is no longer detectable in the corroded 
region. This indicates that the absence of the spinel layer leads to the 
dissolution of the σ-phase near the surface, which facilitates the inter
granular liquid Pb penetration. In contrast, the CrFeMo carbides appear 
to remain intact against Pb corrosion, despite being directly surrounded 
by penetrated Pb (see red marks in Fig. 10d). Furthermore, EDS 
elemental mapping (Fig. 10e) and point measurements indicate a 
depletion of chromium in the corroded matrix, with its concentration 
decreasing from ~20 at% in the bulk to 10 at% in the corroded region. 
This Cr depletion is attributed to selective dissolution into the adjacent 
liquid Pb.

Fig. 11a shows a representative cross-sectional image of the 1.4136 
steel after 1000 h of exposure at 700 ◦C, revealing a laterally extended 
region with liquid Pb penetration, locally up to 20 µm deep, and a small 
corrosion-protected region. The high magnification image in the inset of 
Fig. 11a shows a very thin (~200 nm) spinel on the protected area. The 
bulk microstructure with CrFeMo-carbides and σ-phase extends to the 
sample surface both in the region with Pb penetration and in the pro
tected area. With longer exposure time, the corrosion attack increases 

and the Pb penetration reaches a maximum depth of 35 µm after 2000 h 
(Fig. 11b) and of 70 µm after 5000 h. Nevertheless, there are still small 
areas free of liquid Pb penetration, where thin Si-rich oxide islands are 
found locally on the surface, alongside complex precipitates rich in Mn 
and S (Fig. 11d). After 2000 h, CrFeMo-carbides and σ-phase still exist 
next to the surface. However, after 5000 h of exposure, both the 
CrFeMo-carbides and the Cr-rich σ-phase have dissociated down to a 
depth of 30 µm (Fig. 11e) without significant change of the Cr content in 
the matrix, indicating selective dissolution of Cr into liquid Pb.

Table 4 summarizes the corrosion behavior of 1.4136 in liquid Pb. At 
both 600 and 700 ◦C, the steel is initially protected by formation of a 
thin Cr-rich spinel layer on its surface. After the initial protection, 
however, Pb penetrates locally into the steel and dissolves the Cr-rich 
σ-phase. Depending on the exposure temperature, a distinct corrosion 
pattern evolves. This pattern is directly related with the bulk micro
structure shown in Fig. 9. At 600 ◦C, the Cr-rich σ-phase forms an 
interconnected network along the grain boundaries. During Pb expo
sure, this network of σ-phase is dissolved and penetrated by Pb. As a 
result, rather deep intergranular corrosion is observed. The CrFeMo 
carbides that are in direct contact with penetrated Pb are stable and 
remain intact, demonstrating their high stability at 600 ◦C. A possible 
explanation could be that the penetrated Pb is already saturated in Cr 
due to the dissolution of the σ-phase. At 700 ◦C, the σ-phase does not 

Fig. 9. Bulk microstructure of 1.4136. a) SE image at initial state after etching, b) BSE image after 5000 h of exposure at 600 ◦C (unetched), c) BSE image after 
5000 h of exposure at 700 ◦C (unetched).

Fig. 10. 1.4136 sample after exposures at 600 ◦C. a) BSE image after 1000 h, b) 
corresponding line scan result, c) SE image after 2000 h, d) BSE image after 
5000 h, e) corresponding EDS elemental mapping result.

Fig. 11. 1.4136 samples after exposures at 700 ◦C. a) BSE image after 1000 h, 
b) BSE image after 2000 h, c) BSE image after 5000 h, d) higher magnification 
detail of image c), e) EDS elemental mapping of the location marked in c).
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form an interconnected network but clearly separated patches. In this 
case, when a patch of σ-phase located at the sample surface is dissolved 
and penetrated by Pb during exposure, the corrosion cannot proceed 
easily via a path susceptible to corrosion. As a consequence, Pb pene
tration remains rather local, with corrosion depths lower than at 600 ◦C.

At both exposure temperatures, selective dissolution of Cr occurs and 
results in microstructural changes in surface-near regions. Both the 
σ-phase and the CrFeMo carbides are destabilized and dissociate at 700 
◦C.

3.4. Aluminized P91

Fig. 12a presents an SEM image of the pack-aluminized P91 prior to 
Pb exposure. The deposited coating is approximately 150 µm thick and 
comprises an outer aluminide layer and a ferritic interdiffusion zone 
(IDZ). The average Al-concentration in the outer layer is measured to be 
about 34 at% (Fig. 13a). The XRD analysis in Fig. 14 confirms the FeAl 
structure, indicating that the outer layer is FeAl with B2-order. Kirken
dall voids are evident within the coating, mainly in the outer B2-FeAl 
layer. The corresponding unetched image at the bottom of Fig. 12a 
clearly shows the formation of an α-Al2O3 (corundum) layer on the 
coating and within the Kirkendall voids, which very likely occurred due 
to the imbalanced diffusion fluxes of Al and Fe in opposite directions 
during the heat treatment after the pack cementation process as high
lighted in [34]. Additionally, needle-shaped Al-nitride precipitates are 
observed in the lower region of the ferritic IDZ, which is in line with the 
findings by Bates et al. in [23]. P91 contains nitrogen, which diffuses 
outward during the aluminizing process and is possibly rejected from the 
newly formed Al-enriched ferritic matrix, forming Al-nitride due to the 
aluminum’s high affinity for nitrogen. The Al-nitrides are found pref
erentially along a line that marks the interface between IDZ and bulk 
after the pack cementation treatment but prior to subsequent heat 
treatment. During the heat treatment, the IDZ increased in thickness and 
AlN precipitated preferentially at the former interface.

Fig. 12b-c presents the etched images of the aluminized P91 samples 
after 5000 h exposure at 600 ◦C and 700 ◦C, respectively. The results 

from the 1000 h and 2000 h exposures at both temperatures exhibit 
similar and consistent behavior. No significant growth of the outer layer 
and the IDZ is observed; their thicknesses remain unchanged. However, 
the Al concentration in the coating drops and its profile across outer 
layer and IDZ becomes flatter, with a significant Al content in the bulk 
below the IDZ in particular after exposure at 700 ◦C, see Fig. 13b-c. After 
5000 h of exposure at 600 ◦C, the Al concentration in the outer layer 
decreases to ~20 at%, while ~16 at% Al remain after 5000 h at 700 ◦C. 
The flattening of the Al concentration profile is caused by inward 
diffusion of Al, the consumption of Al by oxide formation on the sample 
surface and within the Kirkendall voids (see below), and diffusion of Fe 
from the bulk into the coating, with all three processes occurring faster 
at the higher temperature. The decrease in Al concentration in the outer 
layer leads to a gradual transformation of the B2-FeAl phase into a still 
Al-rich α-solid solution, especially visible after 5000 h at 700 ◦C, which 
is confirmed by the XRD results presented in Fig. 14 (peaks denoted 
FeCr).

In addition to the flattening of the concentration profiles, an 
increased amount of Kirkendall voids is observed in the coating after the 
Pb exposures, with the quantity rising with increasing exposure time and 
temperature. Additionally, Cr-rich, Mo-containing carbides and Al- 
nitrides are formed in the lower part of the IDZ and at the transition 
to the bulk P91. The extent of AlN precipitates at the transition to the 
bulk is higher after exposure at 700 ◦C due to the higher nitride for
mation potential at higher temperature and the higher Al concentration 
below the IDZ.

Regarding the corrosion behavior of aluminized P91, no liquid Pb 
penetration or internal oxidation is detected in the bulk at either tem
perature (Fig. 12b-c). This is in line with an earlier investigation and 
other studies reporting high corrosion resistance of corundum layers 
against liquid Pb corrosion [35–37]. Liquid Pb penetrates very locally 
into the Kirkendall voids, but the coating and the bulk remain intact. The 
growth of Al2O3 on the surface is shown in the higher magnification 
images at the bottom of Fig. 12b-c. Notably, the Al₂O₃ layer grown on the 
aluminized P91 after 5000 h at 700 ◦C, with a thickness of 4–9 µm, is 
thicker than the 2–5 µm layer formed after 5000 h at 600 ◦C. Despite the 
decrease in Al content in the coating below the oxide layer during 
exposure at 600 and 700 ◦C, continuous protection by a stable, slowly 
growing alumina scale was observed for exposures up to 5000 h to liquid 
Pb containing ~2 × 10− 7 wt% dissolved oxygen. This is in contrast to a 
corrosion study of aluminized T91 in liquid Pb-Bi eutectic with an ox
ygen content below 10− 8 wt%, where the oxygen activity was not suf
ficient to form a protective scale at 600 ◦C and dissolution corrosion was 
observed [15].

The corrosion resistance of aluminide coatings in stagnant liquid Pb 
depends greatly on their ability to form and sustain an alumina scale for 
longer exposure durations. Here the initial Al activity at the surface 
plays an important role together with the oxygen content in liquid Pb. 

Table 4 
Summarized assessment of 1.4136 after exposures at 600 ◦C and 700 ◦C.

600 ◦C 700 ◦C

1000 h 2000 h 5000 h 1000 h 2000 h 5000 h

Continuous 
spinel layer

0.7 µm disc. disc. disc., 
0.2 µm

disc. disc.

Inward-growing 
oxide

5 µm - - - - -

Pb penetration - 50 µm 200 µm 20 µm 35 µm 70 µm
Selective Cr 

dissolution
- ✓ ✓ ✓ ✓ ✓

Fig. 12. SEM images of aluminized P91 after etching and its corresponding unetched images in higher magnification: a) initial state, i.e., after aluminizing and heat 
treatment procedure, b) after 5000 h exposure at 600 ◦C, and c) after 5000 h exposure at 700 ◦C.
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Provided that these conditions enable the re-healing of a protective 
alumina scale (formed during heat treatment prior to Pb exposure in this 
case), the longevity of the coating then depends primarily on the 
interdiffusion with the substrate. Interdiffusion leads to Al depletion and 
Fe enrichment in the coating, which gradually transforms the coating 
from its intermetallic composition to an Al-containing solid solution 
structure with an increased Fe activity. This can be best observed by the 
shift of the interface between the coating and the substrate during 
exposure, in particular at 700 ◦C, and the decrease in Al content at the 
surface, see Fig. 13. As long as the Al content stays above ~8 wt%, 
depending on the Cr content, stable growth and self-healing of the 
protective alumina scale are expected [38,39]. Nevertheless, the 
reduced Al content can lead to the formation of Fe-containing mixed 
oxides for prolonged exposure, jeopardizing the corrosion resistance. 
Moreover, interdiffusion also leads to an increase in the extent of Kir
kendall voids in the outer coating layer, providing pathways for the 
penetration of liquid Pb. Therefore, longer exposure studies are required 
to confirm the excellent corrosion protection of P91 by aluminide 
coatings.

4. Conclusion

In this study, the corrosion behavior in molten Pb was investigated 
for three different F/M steels (P91, 1.4748, 1.4136), one of them (P91) 
additionally coated with an aluminide pack cementation coating. Static 
exposure tests with duration up to 5000 h were performed at two 
different temperatures, 600 and 700 ◦C. In all tests, the molten Pb 
contained dissolved oxygen with a concentration of about 2 × 10− 7 wt 

%. From the analysis of the exposed specimens after the tests, the 
following conclusions can be drawn: 

• The martensitic steel P91, the material with the lowest Cr (~9 wt%) 
and C contents, shows the best corrosion resistance among the tested 
bulk materials. At both temperatures, an Fe-Cr spinel layer and 
inward-growing Cr2O3 are formed, which protect the steel from 
dissolution and Pb penetration even after 5000 h of exposure. 
However, Cr depletion due to the formation of the Cr-rich oxides 
occurs, which is most likely the reason for the ferritization of the 
martensite structure observed in surface-near regions.

• Aluminizing further improves the corrosion resistance of P91. During 
the heat treatment after pack cementation aimed at restoring the 
microstructure, an initial alumina scale formed on the coating sur
face. This alumina scale further grows during Pb exposure, providing 
a stable protection against corrosion even for prolonged exposure.

• The steel 1.4748 shows total dissolution and Pb penetration after 
prolonged exposure, despite the initial formation of an inward- 
growing Cr-Mn-rich oxide scale. The failure of the oxide scale and 
subsequent dissolution corrosion occurs earlier at 700 ◦C than at 600 
◦C. The inferior corrosion resistance of 1.4748 compared with P91 is 
attributed to its heterogeneous microstructure and the presence of 
Mn, both of which impede the formation of a uniform and stable 
oxide scale. The higher Cr content of 17.5 wt% compared with P91 is 
not beneficial, as large amounts of Cr are bound in Cr-carbides.

• The ferritic steel 1.4136 shows the formation of an oxide scale that is 
thinner and appears more stable and protective than the oxide 
formed on the surface of 1.4748. In addition to Cr and Mn, the scale 
contains substantial amounts of Si, which suggests a beneficial effect 
of Si on the corrosion resistance. Nevertheless, the scale becomes 
discontinuous after prolonged exposure, resulting in selective Cr 
dissolution and Pb penetration.

• Different corrosion patterns are observed for 1.4136 at the two 
investigated temperatures after prolonged exposure, which are 
correlated with the respective phase composition and microstructure 
of the bulk material at these temperatures. At 600 ◦C, an inter
connected network of the Cr-rich σ-phase leads to a rather deep 
intergranular corrosion attack with dissolution of the σ-phase. At 700 
◦C, the Cr-rich phases are separated and the corrosion is less deep. Cr- 
rich carbides and σ-phase dissociate in surface-near regions due to Cr 
depletion.
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liquid Pb.
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