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Liquid lead is an attractive candidate to be used as heat transfer medium for heat transfer and storage systems
due to its excellent heat transfer characteristics and wide applicable temperature range. This study explores the
material compatibility of five different austenitic stainless steels (two cast and three wrought steels) and in-
vestigates the possibility to extend their use up to 700 °C. From static exposure tests with up to 5000 hours
duration, the corrosion behavior of each steel is characterized. Comparison of the different materials allows
conclusions on the influence of individual alloying elements and of the material’s grain size.

1. Introduction

In search for a sustainable energy supply, most countries started to
implement renewable energies like solar and wind in their energy pro-
duction portfolio. In addition, the production of heat in all temperature
ranges requires to become carbon neutral. Therefore, the demand for
thermal energy storages (TES) increases rapidly. They enable a 24/7
electricity generation from fluctuating renewable energy sources and
can be used for waste heat recovery as well as in conventional power
plants to increase the flexibility and thermal efficiency [1-5].

For heat transfer and storage, liquid heat transfer media (HTM) are
widely used. The state-of-the-art HTM in solar-thermal power plants, for
instance, is molten salts, particularly molten nitrates, which is used up to
temperatures around 565 °C. Application of molten salts at higher
temperatures is under investigation. The overall efficiency of such sys-
tems operating with liquid HTMs depends on the operational tempera-
ture range. The maximum temperature is limited by the thermal stability
or the boiling point of the HTM, whereas the melting point defines the
minimum, as the HTM should stay liquid during operation. A wider
operational temperature range compared to molten salts can be ach-
ieved by the utilization of molten metals as HTM [6]. Liquid metals as
heat transfer media offer outstanding heat transfer characteristics while
staying liquid at low pressure over a wide temperature range [7]. Pb, for
instance, melts at 327 °C and vaporizes at 1749 °C, which makes it an
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ideal HTM for the temperature range required in industry. This allows
the application for waste heat recovery in energy-intensive industries
like the aluminum, cement, steel, ceramic, glass, and chemical industry.
In addition, it would improve the solar-to-electricity efficiency and
reduce the levelized cost of energy.

However, liquid Pb has a high corrosivity for most commercially
available structural materials due to its solubility for many metallic el-
ements [8,9]. For more than 20 years, the compatibility of steels and
other materials with liquid Pb has been investigated especially consid-
ering their potential use in advanced nuclear systems [9]. Adding oxy-
gen to the liquid Pb helps at least at temperatures below 550 °C to
protect the steels by the formation and stabilization of oxide scales [9,
10]. At temperatures of 600 °C and above, the corrosion attack is found
to be higher than the low tolerance set by the application in nuclear
systems, despite an appropriate oxygen control. Operation at such high
temperatures requires additional measures like in-situ formation of
protective oxide scales by stable oxide formers like Cr and Al
Alumina-forming ferritic or austenitic alloys (FeCrAl, AFA) or
alumina-forming complex concentration alloys (CCA) showed their
principal capability in exposure tests [11-13]. However, such alloys are
mainly available in lab-scale.

The situation is different when considering TES systems. Here, vessel
and pump materials can tolerate higher corrosion rates, because they
can be compensated, e.g., by thicker vessel walls. Therefore, new
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interest arises regarding the corrosion behavior of commercially avail-
able austenitic materials in liquid lead at temperatures of 600 °C and
above. At these high temperatures, neither the corrosion rates nor the
corrosion mechanisms of austenitic steels in liquid Pb and Pb alloys are
well and clearly described in literature. There are only few studies
available, mainly in PbBi. At 600 °C, the austenitic steel 316 L forms an
oxide layer when exposed to PbBi with an oxygen content of 1076 wt%,
which cannot protect the steel everywhere [14-17]. Even after short
exposure times liquid metal corrosion occurs with dissolution mainly of
Ni and penetration of PbBi into the steel matrix. The depletion of Ni
leads to ferritization of the austenitic structure. With increasing tem-
peratures, the area with dissolution attack increases, although only
short-time tests are available [18]. At 700 °C with lower oxygen (107
wt%) contents, a deep penetration of Pb and Bi was observed after 500 h
without any oxide scale formation [19]. An increase of the oxygen
content to 10> wt% at 700 °C is also not able to inhibit the liquid metal
corrosion attack [20].

In this study, the compatibility of potential pump and valve materials
with molten Pb at 600 and 700 °C is investigated. An oxygen content of
2 x 1077 wt% is used for both temperatures, which corresponds to the
optimum oxygen activity found at 550 °C. Commercially available
austenitic materials in cast and wrought condition are selected and
exposure tests with duration 1000, 2000, and 5000 h are performed. The
influence of the materials’ composition and microstructure on the
corrosion behavior is investigated and discussed.

2. Materials and methods
2.1. Materials

In this work, five austenitic steels of different composition and pro-
duction process were selected. Their chemical composition is summa-
rized in Table 1. With respect to the nickel content, the austenitic steels
tested are categorized into (i) steels with a similar nickel content of
~9-10 wt% (1.4408, 1.4552, 316Ti), (ii) steel with a higher nickel
content of ~31 wt% (alloy 800H), and (iii) steel with low nickel content
(1.4875). The cast steels 1.4408 and 1.4552 have an almost identical
chemical composition and Ni content. However, 1.4408 has an addi-
tional 2.12 wt% molybdenum, while 1.4452 is stabilized with niobium.
316Ti is a Ti-stabilized austenitic steel with a Mo content similar to
1.4408 and a slightly lower Cr content compared to both cast steels. The
austenitic cast steels 1.4408 and 1.4552 as well as the precipitation
hardened steel 1.4875 were provided by the company KSB, Germany.
The steel 316Ti was from the KIT inventory, alloy 800H was from the
DECHEMA-Forschungsinstitut inventory.

2.2. Corrosion tests

For the exposure tests, the material was cut into samples of 29 x 10 x
2mm®. A hole was drilled into the upper part of each sample, so that it
could be mounted on a sample holder using a molybdenum wire. The
samples were then ground using 1200 grit SiC paper and cleaned with
ethanol prior to the corrosion tests. Before the exposure tests started,
lead (Pb) bars with high purity (99.995 %, delivered by HMW Hauner

Table 1
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GmbH Co. KG) were melted and poured in alumina crucibles. The cru-
cibles filled with liquid lead were then placed onto a tray made of a Ni
sheet and introduced in the quartz glass tube of the COSTA facility [14].
The stagnant corrosion tests were carried out in the COSTA facility
under controlled oxygen concentration. A target value of 2 x 10~ wt%
dissolved oxygen in the liquid lead was selected. The oxygen concen-
tration in the liquid lead was controlled via the gas phase by setting up a
specific Ho/HO ratio in the gas flowing through the quartz glass tube.
The oxygen partial pressure of the gas leaving the glass tube was
measured during the entire exposure tests. From these data, the oxygen
concentration in the liquid lead was calculated using oxygen saturation
data from Ref. [9]. Respective results are presented in Fig. 1. Before the
samples were immersed in liquid lead, the atmosphere in the quartz
tube, including liquid lead in the crucibles, was conditioned to the target
oxygen concentration. To maintain the oxygen concentration in the
quartz glass tube during the loading and unloading of samples, a
pre-conditioned glovebox was used. The corrosion tests were performed
at 600 and 700 °C for 1000 h, 2000 h, and 5000 h for all samples except
alloy 800H, which was exposed at both temperatures for 5000 h only.

2.3. Characterization methods

After the specimens were taken out from the liquid lead in the test
facility and cooled down to room temperature under controlled atmo-
sphere, they were cut into two parts. The first half was prepared for
cross-sectional examination. The residual liquid lead on the surface was
not cleaned to avoid corrosion product removal. The samples were
mounted in resin, ground with SiC sandpaper until 4000 grit and pol-
ished with diamond suspension to 1 um diamond particle size. For a
better conductivity, the samples were then sputtered with a thin layer of
gold. In addition to the specimens after exposure tests, also samples from
the initial pristine materials were cut, mounted, and prepared for cross-
section analysis. To characterize the microstructure of the initial mate-
rials and of some post-exposure samples, the cross-section specimens
were metallographically etched with a mixture of hydrochloric acid,
nitric acid, and water in a ratio of 3:1:3. An optical microscope (Olympus
BX60M) was used to acquire micrographs of the initial materials. The
cross-sectional morphologies prior to and after the corrosion tests and
the chemical compositions were analyzed using a scanning electron
microscope (SEM, Zeiss LEO 1530 VP) equipped with an energy-
dispersive X-ray spectrometer (EDS). Both secondary electron (SE) and
back-scattered electron (BSE) images were recorded. To confirm a
possible microstructural evolution of the austenitic materials after
exposure, some selected samples were further polished using a vibration
polisher (Buehler Vibromet 2) with colloidal SiO5 polishing fluid. Elec-
tron backscatter diffraction (EBSD) analysis was performed with an
EBSD detector from EDAX. The software OIM Analysis from EDAX was
then used to analyze the EBSD mapping results and to obtain phase
mappings and inverse pole figures (IPF), both with confidence index
(CD). The second half of each exposed sample was kept for X-ray
diffraction (XRD, Seifert 3003 PTS) analysis using Cu K, radiation in
order to determine the corrosion products and microstructure after
exposure to liquid lead. Prior to XRD analysis, the samples were cleaned
from adherent lead by immersing them into a mixture of acetic acid,

Chemical composition of austenitic steels in wt%. The values for 1.4408, 1.4552, and 316Ti were provided by the suppliers. The composition of alloy 800H was
determined at DECHEMA with an arc/spark optical emission spectrometry (OES) analyzer. The composition of 1.4875 was determined at the KIT department IAM-
AWP, Chemische Analytik using ICP-OES (all elements but C, N, S), carrier gas hot extraction (N), and a CS analyzer (C, S).

Material C Si Mn S Cr Ni Mo N Ti Nb Al Fe

1.4408 0.041 0.60 0.88 0.010 18.58 9.36 2.12 - - - - bal.
1.4552 0.009 0.61 0.88 0.007 18.36 9.38 - - - 0.30 - bal.
316Ti/1.4571 0.030 0.36 1.11 0.004 16.70 10.50 2.02 0.013 0.381 - - bal.
Alloy 800H 0.050 0.25 0.72 < 0.0005 20.79 31.1 0.21 0.054 0.32 0.11 0.29 bal.
1.4875 0.573 0.132 8.07 <0.0015 21.3 2.01 - 0.394 - - - bal.
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Fig. 1. Concentration of oxygen dissolved in liquid lead during the exposure tests. Left: experiments at 600 °C, right: 700 °C experiments.

hydrogen peroxide, and ethanol with a ratio of 1:1:1, followed by
cleaning with distilled water and ethanol.

3. Results
3.1. Cast steel 1.4408

3.1.1. Microstructure evolution

Fig. 2a and b show the optical microscopy and BSE images of the
initial microstructure of etched 1.4408. The material exhibits typical
casting pores and a very coarse grain size varying between 0.5 mm and
1 mm. The microstructure of 1.4408 consists of an austenitic matrix and
elongated, island-like &-ferrite stringers (area fraction around 10-11 %)
enriched with Cr and Mo. During the exposure at high temperatures,
1.4408 undergoes microstructural changes as d-ferrite is unstable at high
temperatures, but the grain size remains relatively coarse. After 5000 h
exposure at 600 °C, the elongated island-like §-ferrite stringers decom-
pose into smaller islands. EDS measurements revealed three main phases
inside the islands: a Cr-rich phase (around 32 wt% Cr and ~7.5 wt%
Mo) with a low Ni content (around 2 wt%), an Fe-rich phase with a Cr
content of around 14 wt% and a Ni content of around 3-5 wt%, and a
Mo-rich phase (up to 15 wt% Mo). The very fine Mo-rich phase (see
Fig. 2¢) is mainly observed at the border between austenite and former
5-ferrite, but it is also found inside the former S-ferrite and in the

X A
o-ferrite

30 pm

(c) Mo-ngh pt{fse (d)

LS
Mo-rich phase o

o 29
Fe;r‘ich a-phase Cr-rich a’-phase

¥
Cr-rigFl a’-phase

20 um 20 ym
Fig. 2. Bulk microstructure of 1.4408. a) Optical microscope image of initial
state after etching (grain boundaries are indicated by dotted lines), b) BSE
image of initial state, ¢) BSE image after 5000 h exposure at 600 °C, d) BSE
image after 5000 h exposure at 700 °C.

austenitic matrix. At 700 °C, the Mo-rich precipitates appear coarser and
the Cr-rich phases are more distributed (see Fig. 2d). The spinodal
decomposition of the ferritic phase into an Fe-rich a-phase and a Cr-rich
o -phase and the formation of intermetallic compounds in cast duplex
stainless steels during thermal aging is well known and described in
literature [21-23].

3.1.2. Corrosion at 600 °C

As shown in Fig. 3a, after 2000 h of exposure at 600 °C, the surface of
steel 1.4408 is covered by an adherent oxide layer rich in Cr (see line
measurement result in Fig. 3b) with a total maximum thickness of
~1 pm. At the scale/metal interface, some oxide pits and pores are also
visible. Moreover, Cr-depletion underneath the scale is observed, which
is commonly found due to the formation of the Cr-rich oxide scale.
Neither selective dissolution nor penetration of liquid lead is observed,
indicating that the formed oxide layer is protective.

Fig. 3c shows a representative BSE image of 1.4408 after 5000 h of
exposure at 600 °C. The absence of a continuous oxide layer on the
sample surface suggests that the oxide layer formed previously was not
stable during the longer exposure. Nevertheless, remains of a Cr-rich
oxide are found on the sample surface, see the EDS elemental distribu-
tion in Fig. 3d. Ni depletion is observed in the subsurface area, indicating
that Ni dissolves into the adjacent liquid lead due to its high solubility in
liquid lead. An inward-growing oxidation is also found, which indicates
that oxygen simultaneously diffuses into the bulk. Even though selective
dissolution of Ni is observed, no significant penetration of liquid lead is
seen, indicating that the inward growing oxide can inhibit liquid lead
penetration. The elemental mapping also shows that the bright pre-
cipitates formed in the corroded zone are rich in Mo and that oxygen
preferentially oxidizes Cr in the subsurface region. Surrounding the Cr-
rich oxide, a depletion in Cr and an enrichment of Fe is observed.
Together with the Ni depletion, this is in agreement with the EBSD phase
mapping result in Fig. 3e on ferrite formation (as well as XRD result
shown in Fig. 4). The y-austenitic lattice structure present prior to
exposure transforms to a a-ferrite structure at the sample surface after
exposure at 600 °C, accompanied by grain refinement (Fig. 3 f).

3.1.3. Corrosion at 700 °C

Fig. 5a shows an BSE image of 1.4408 after exposure to liquid lead
for 1000 h at 700 °C. A double-layer oxide scale with an average
thickness of 6 um and local inward-growing oxide roots are observed.
According to the line measurement in Fig. 5c, the outer oxide layer
consists mainly of Cr, O, and Fe, which is considered to be Fe-Cr spinel.
The inner oxide layer below the Fe-Cr spinel layer contains higher Cr
content and hardly any Fe, which is considered to be Cry0s. No Ni
depletion is observed in the bulk below the oxide double layer, which
indicates that it is protective against dissolution of alloying elements.
However, cracks and local detachment of the oxide layer are present
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(see, e.g., left side of Fig. 5a) due to the large thickness and the thermal
expansion mismatch between bulk and oxide layer. The EDS mapping
result shows a clear depletion in Ni and Cr below the oxide detachment
region where no oxide layer protects the steel from dissolution (see
Fig. 5b). No liquid Pb penetration is observed along the entire surface.

Meanwhile, no continuous and protective oxide layer is found on the
surface after 5000 h of exposure at 700 °C, suggesting that it had
completely detached (see Fig. 5d). The inward-growing oxide grows to a
depth of up to 55 pm, i.e., deeper than after 5000 h exposure at 600 °C
(Fig. 3¢). According to the XRD result shown in Fig. 4, ferrite peaks are
detected after exposure at 700 °C instead of the initial austenite peaks,
which confirms ferritization due to dissolution of alloying elements such
as Ni and/or Cr in the subsurface region (cf. Fig. S1 in supplementary
material) as in case of the exposure at 600 °C. Similar to the 600 °C
samples, no penetration of liquid lead into the bulk can be seen (Fig. S1),
demonstrating the protective behavior of the inward growing oxide
against Pb penetration.

To get an overview on the development of the corrosion behavior of
1.4408 over the exposure times at both temperatures, a summary of the

results in figures is shown in Fig. S2 and a summarized assessment is
presented in Table 2. Generally, at both temperatures, the protective
oxide layer more and more detaches and both inward-growing oxidation
and selective dissolution increase in depth as time proceeds. The only
exception to this trend is observed at 600 °C for the 2000 h exposure
compared with the 1000 h exposure, which shows less oxide (thinner
oxide layer and no inward-growing oxidation) despite the longer expo-
sure time. A reasonable explanation could be the lower oxygen con-
centration at the beginning of the 2000 h exposure (see Fig. 1).

3.2. Cast steel 1.4552

3.2.1. Microstructure evolution

As presented in Fig. 6a and b, austenitic cast steel 1.4552 shows a
very similar microstructure as 1.4408, consisting of an austenitic matrix
and elongated, island-like §-ferrite enriched with Cr. The fraction of
§-ferrite is around 4-5 %. The visible grain size of 1.4552 ranges from
500 ym to more than 1 mm. In addition, spinodal decomposition of
ferrite in a Cr-rich o -phase (darker phase) and a Fe-rich a-phase
(appearing brighter) is visible after 5000 h of exposure at 600 °C, as
shown in Fig. 6¢. The bright precipitations are Nb-carbonitrides. After
5000 h of exposure at a higher temperature of 700 °C, the Cr concen-
tration significantly increases in the former &-ferrite area (see Fig. 6d).

3.2.2. Corrosion at 600 °C

Fig. 7a shows a representative cross-sectional image of cast steel
1.4552 after exposure at 600 °C for 1000 h. 1.4552 exhibits a discon-
tinuous Cr-rich oxide layer and visible liquid lead attacks up to 30 um
depth. The discontinuity of Cr-rich oxide formation may be attributed to
material and microstructural inhomogeneity. A local detachment of the
oxide layer may also occur and hence protection failure. Direct contact
between steel bulk material and liquid lead leads to selective dissolution
of alloying elements such as Ni and Cr as observed in the line mea-
surement result of Fig. 7b, which results in ferritization. Due to the high
dissolution of Ni and Cr, voids are created in the corroded zone, allowing
liquid lead to diffuse into them.

Fig. 7c-e present the BSE image, EDS elemental mapping, and EBSD
phase mapping of 1.4552 after 5000 h of exposure. No protective oxide
layer is found. Instead, dissolution corrosion proceeds. Both the Ni-, Cr-
depleted zone or ferrite zone and the liquid lead penetration are
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Table 2
Summarized assessment of 1.4408 after exposures at 600 °C and 700 °C. “x”
means not found anywhere on the sample, “discont.” means oxide layer is found
locally.

600 °C 700 °C

1000 h 2000h 5000 h 1000 h 2000 h 5000 h
Protective ~4 ym ~1 ym discont. discont.  x X
oxide layer
Inward- 10 um X ~35um  local ~15pm  ~55um
growing
oxidation
Selective X X ~35um  local ~10pm  ~30 um
dissolution
Liquid lead X X X X X X
penetration

N
o-ferrite
A o : I 10 um
© Fe-rich a-phase ()
ST ! ;p Cr-rich a’-phase
Cr-rich a’-phase Y
X ATy
Nb(C,N) A
Nb(C,N)
10 ym 10 pm

Fig. 6. Bulk microstructure of 1.4552. a) Optical microscope image of initial
state after etching (dotted line indicates grain boundary), b) BSE image of
initial state after etching, ¢) BSE image after 5000 h exposure at 600 °C, d) BSE
image after 5000 h exposure at 700 °C.

extended to a depth of up to 120 ym and 80 um, respectively.

3.2.3. Corrosion at 700 °C

During exposures at the higher temperature of 700 °C, a different
corrosion behavior of 1.4552 is observable. As shown in the BSE image
in Fig. 8a, a thick oxide layer of up to ~20 pym thickness and inward-
growing oxides are seen after 5000 h of exposure. The formed oxide
layer appears inhomogeneous and seems to be made up of several layers
with different compositions. The EDS mapping result shows that the
oxide layer formed is rich in Cr (see Fig. 8b). According to the XRD result
in Fig. 9, the oxides formed are verified as CrO3 and Fe-Cr spinel-type
oxides. Below the area with the intact oxide layer (left side of BSE image
shown in Fig. 8), no dissolution of Ni is observed; instead, a depletion of
Cr due to oxide formation is evident. In the region with oxide layer
detachment (right side of BSE image), the steel is strongly depleted in Cr
and Ni, which agrees with the ferritization observed in the XRD result in
Fig. 9.

The behavior of 1.4552 over different exposure times at both tem-
peratures is summarized in Fig. S3 and in Table 3. At 600 °C, despite
some signs of oxide formation, dissolution attack and lead penetration
proceed with increasing exposure time. In comparison, the corrosion
attack at 700 °C is less severe due to the formation of a protective oxide
layer. Although the oxide layer is not stable but detaches at longer
exposure times, selective dissolution remains at a lower level and no
lead penetration is observed.

3.3. Steel 316Ti

3.3.1. Microstructure evolution

Fig. 10a and b represent the initial microstructure of 316Ti, which
consists of austenitic grains with size ranging from 20 to 30 pm and Cr-
enriched and Ni-depleted &-ferrite stringers arranged in rows. Twin
boundaries are also seen within the austenitic grains. Some sharp-edged
titanium carbonitride precipitates are found as the material is Ti-
stabilized. During the 5000-hour exposure at 600 °C, a Cr-rich, Mo-
containing phase (c-phase) and Mo-rich precipitates are found along the
grain boundaries (see Fig. 10c). As shown in Fig. 10d, after 5000 h
exposure at a higher temperature of 700 °C, the Cr-rich 5-phase becomes
coarser. The formation of precipitations during thermal aging of
austenitic steels is well described in literature [24-26], especially the
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formation of the brittle c-phase between 550 and 900 °C. A typical
chemical composition of the ¢-phase in AISI 316 and 316 L is: 55 wt%
Fe, 29 wt% Cr, 5 wt% Ni, and 11 wt% Mo [24]. Kherrouba et at. [26]
measured a chemical composition of 51 wt% Fe, 31 wt% Cr, 10 wt% Ni,
and 13 wt% Mo after 8 h at 800 °C. The latter corresponds well with the
observed Cr-rich, Mo-containing phase. EDS point measurements on the

corresponding phase of the present specimens show 55 wt% Fe, 31 wt%
Cr, 3.5 wt% Ni, and 8.5 wt% Mo for the 600 °C sample and 55 wt% Fe,
28.5 wt% Cr, 4.5 wt% Ni, and 10 wt% Mo for the 700 °C sample. The
Mo-rich particles could be attributed to a Laves phase of Fe;Mo type,
which is known to be formed in Mo-containing steels [24].

3.3.2. Corrosion at 600 °C

After 5000 h of exposure at 600 °C, a ferrite layer and liquid lead
penetration into the corresponding ferrite zone are found on the 316Ti
sample up to a depth of 100 um, see Fig. 11. This observation indicates a
high rate of selective dissolution of alloying elements such as Ni and Cr,
as presented in the elemental mapping shown in Fig. 11c. No signs of
oxide layer formation are found on the material.

3.3.3. Corrosion at 700 °C

In contrast to 600°C, 316Ti exhibits a different corrosion behavior at
700 °C. After 2000 h of exposure, an inward-growing oxide layer is
formed with inhomogeneous composition and a varying thickness of up
to 10 um (see Fig. 12a). According to the EDS line measurement in
Fig. 12b, the main oxide formed is rich in Cr, which is confirmed as
Cry03 by the XRD results presented in Fig. 13. In addition, the line
measurement in Fig. 12b shows islands with Fe-rich oxides inside the Cr-
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Table 3
Summarized assessment of 1.4552 after exposures at 600 °C and 700 °C.
600 °C 700 °C
1000 h 2000 h 5000 h 1000 h 2000 h 5000 h
Protective oxide layer discont. X X v discont. discont.
Inward-growing oxidation X ~30 um X ~30 um ~40 um ~50 pm
Selective dissolution ~30 yum ~30 yum ~120 um ~30 pm ~40 pm ~50 um
Liquid lead penetration ~30 um ~15 um ~80 um X X X

/Mo:\rlch phage Viowrieh
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Fig. 10. Bulk microstructure of 316Ti. a) Optical microscope image of initial
state after etching, b) SE image of initial state after etching, ¢) BSE image after
5000 h exposure at 600 °C, d) BSE image after 5000 h of exposure at 700 °C.

oxide matrix, which correspond to the Fe-Cr spinel detected by XRD,
Fig. 13, and oxides with increased Si content embedded in the oxide
layer. Nevertheless, Si-rich spinel cannot be detected in the XRD results,
most probably due to the small amount (note that 316Ti contains only
~0.4 wt% Si). From the line measurement in Fig. 12b, a clear depletion
of Cr is observable underneath the oxide layer, while the Ni content is
not depleted. This indicates that the Cr depletion at this location is
caused by the formation of Cr-rich oxide and not by selective dissolution.

Fig. 12c shows another location on the same sample, here after

L 4

mapping location

metallographic etching, where localized detachment of the oxide layer
(see red arrow) and a microstructural change can be seen. The XRD
pattern of this sample shows ferritization in addition to the formation of
Cr-oxide and spinel, see Fig. 13. It can be assumed that the local absence
of a Cr-rich oxide layer is responsible for the dissolution of alloying el-
ements, in particular of Ni, leading subsequently to ferritization in the
subsurface area.

As shown in Fig. 14a, after 5000 h exposure at 700 °C, no Cr-rich
oxide layer is found on 316Ti, suggesting that the Cr-rich oxide layer
formed previously has completely detached from the steel surface dur-
ing the exposure. In contrast to the sample after 2000 h, which showed
Cr and Ni depletion and subsequent ferritization only in locations with
detached oxide layer, Cr and Ni are depleted along the entire sample
surface after 5000 h exposure (see Fig. S4), indicating selective disso-
lution (in addition to the consumption of Cr by the previously formed
oxide layer). The depleted zone reaches a depth of 30 um and shows
ferritization, as confirmed by the EBSD phase mapping result in Fig. 14b.
Despite selective dissolution and ferritization, no liquid lead penetration
is found in the corroded zone. The ferrite microstructure formed has a
finer structure compared to the austenitic microstructure, see Fig. 14c.
The ferritic grains have a perpendicular orientation to the steel surface,
decorated with some Cr sulfide (dark) and Cr-Mo rich phase (bright),
which are mostly found at the grain boundaries.

Table 4 and Fig. S5 summarize the corrosion behavior of 316Ti at
both temperature for the different exposure times. Exposure at 600 °C
shows dissolution attack and lead penetration for all tests. Hereby, the
depth of the corrosion attack is unusually high for the 2000 h experi-
ment. Exposure at 700 °C shows an initial formation of a protective
oxide scale. After its detachment, the depth of dissolution increases.
Nevertheless, no lead penetration is observed even after 5000 h.

35 um

20 um

B y-austenite mm a-ferrite

Fig. 11. 316Ti sample after 5000 h of exposure at 600 °C. a) BSE image with location of EBSD mapping, b) EBSD phase mapping result, ¢) EDS elemental map-

ping result.
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Fig. 12. 316Ti sample after 2000 h of exposure at 700 °C. a) BSE image of unetched 316Ti sample and location of line measurement, b) result of line measurement, c)

SE image of etched sample at a location with oxide layer detachment (red arrow).
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Fig. 13. XRD pattern of 316Ti before and after 2000 h exposure at 700 °C.

3.4. Alloy 800H

3.4.1. Microstructure evolution

Fig. 15a shows the austenitic microstructure of alloy 800H after
5000 h exposure at 600 °C with an average grain size of 80 pm. Mean-
while, the average grain size after exposure at 700 °C is around 40 ym
(Fig. 15b). At both temperatures, Cr carbide precipitations are seen
along the grain boundaries. Some titanium carbonitride precipitates can
also be recognized within the austenite grains. Cr carbides, Ti carbides

| “crsulfide
Cr-Mo rich
phase

mapping Iocatioh

3 30 ym

mm y-austenite mm o-ferrite

and Ti nitrides are typical precipitations in alloy 800H. While the ni-
trides are stable at all temperature below the melting point, the Cr
carbides precipitate between 540 and 1095 °C [27].

3.4.2. Corrosion at 600 °C

At 600 °C, alloy 800H exhibits a rather non-uniform corrosion
behavior along the surface after 5000 h exposure, see Fig. 16. Fig. 16a
shows a region characterized by formation of Al-rich oxides and Cr-rich
oxides. The Cr-rich oxides are mainly growing inward, while the Al-rich
oxides are found locally on the Cr-rich oxides. No depletion of Ni is

(@) : ERGR

Ti(C.N)

B *Cr-carbide
N e : —_— N ALl
Cr-carbide - - 40um ; T 40um

Fig. 15. Bulk microstructure of alloy 800H. a) BSE image after 5000 h exposure
at 600 °C, b) BSE image after 5000 h of exposure at 700 °C.

Fig. 14. 316Ti sample after 5000 h of exposure at 700 °C. a) BSE image with location of EBSD mapping, b) EBSD phase mapping result, ¢) EBSD IPF result.

Table 4
Summarized assessment of 316Ti after exposures at 600 °C and 700 °C.
600 °C 700 °C
1000 h 2000 h 5000 h 1000 h 2000 h 5000 h
Protective oxide layer X X X v discont. X
Inward-growing oxidation X X X X X X
Selective dissolution ~45 pm ~200 pm ~100 um X ~15 pm ~30 um
Liquid lead penetration ~30 pm ~200 um ~80 um X X X
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Fig. 16. Alloy 800H sample after 5000 h of exposure at 600 °C. a) SE image showing a region with oxide scale formation, b) EDS elemental mapping of a), ¢c) BSE

image showing a region attacked by liquid lead d) EDS elemental mapping of c).

observed below the Cr-rich oxides (see Fig. 16a), which suggests that Cr-
rich oxide seems to provide protection against corrosion. However, alloy
800H contains only ~0.3 wt% Al, which is insufficient to develop a
continuous Al-rich oxide layer. Indeed, liquid lead penetration is present
next to the protected area (see red arrow). Fig. 16¢ presents an area with
liquid lead attacks down to a depth of 40 um. In addition, selective
dissolution of Ni and Cr is observed in the outermost grain as shown in
the corresponding EDS elemental mapping (Fig. 16d). The elemental
distribution of alloy 800H after 5000 h of exposure also shows accu-
mulation of O and Al on the surface, which indicates formation of some
discontinuous Al-rich oxides, as well as localized Cr-rich oxides. In the

-_—

EBSD mapping location

40 ym

right area of Fig. 16b, where Cr-rich oxides are found on the sample
surface, neither dissolution attack nor liquid lead penetration occurred.

3.4.3. Corrosion at 700 °C

Fig. 17a shows a representative image of alloy 800H exposed to
liquid lead at 700 °C for 5000 hours. It is evident that intergranular
penetration of liquid lead occurred. A significant depletion of Ni is
observed within the outermost grains (see EDS elemental mapping in
Fig. 17c) leading to ferritization up to depth of 60 um (EBSD phase
mapping in Fig. 17b). The penetration of lead occurs to a depth of
120 pm, i.e., not only in the ferrite zone with Ni dissolution but also

.
—Soum__

I y-austenite  mm a-ferrite

Fig. 17. Alloy 800H sample after 5000 h of exposure at 700 °C. a) BSE image, b) EBSD phase mapping result, ¢) EDS elemental mapping result of a).
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along the austenitic grains below the ferrite zone. This indicates that the
penetration rate of the liquid lead is higher than the rate of selective
dissolution and ferritization. Some spots with a Cr-rich phase and dark
appearing Cr-sulfide precipitates are formed in the ferrite zone, which is
presumably a consequence of the dissolution of Mn into the liquid Pb
(Mn typically binds S).

To summarize the corrosion behavior of alloy 800H, signs of local
and/or thin layer oxidation are observed at both exposure temperatures.
However, the formed oxides cannot prevent selective dissolution and
lead penetration. The depth of the corrosion attack is higher at 700 °C
(120 pum) than at 600 °C (40 um).

3.5. Steel 1.4875

3.5.1. Microstructure evolution

The precipitation hardened steel 1.4875 shows very fine austenitic
grains with a size of 8-20 uym and dispersed Cr carbide with a phase
fraction of ~3 %, see Fig. 18a and b. After 5000 hours of exposure at 600
°C, there are more and larger carbides in the matrix with a phase fraction
of ~4.5 % (see Fig. 18c). After 5000 h exposure at 700 °C, not only does
the fraction of Cr carbide increase to ~9 %, but also Cr-rich nitrides are
found in the bulk with a phase fraction of ~1 % (see Fig. 18d). The in-
crease of the Cr carbide precipitations after an isothermal aging of 10
days in Ar atmosphere at 700 °C is also described by Abdallah et al. [28].
The authors determined the structure of the Cr carbides as Cry3Cg
structure by SAED and XRD. In contrast to our results, no Cr-rich nitrides
were found.

3.5.2. Corrosion at 600 °C

Fig. 19a presents a ~3 pm thick double-layer oxide scale visible on
the surface of 1.4875 after 1000 h of exposure at 600 °C, which protects
the bulk from dissolution corrosion and liquid lead penetration. As
shown in Fig. S6, the spinel layer is divided into an outer Mn-rich Fe-Mn
spinel layer and an inner Cr-rich Cr-Fe-Mn spinel layer at the interface to
the bulk material. In many areas, however, only a very thin Cr-Fe-Mn
spinel can be found, indicating that the outer Fe-Mn spinel might have
detached. After 2000 h of exposure, both spinel layers are no longer
visible, and liquid lead penetrates to a depth of 100 um (Fig. S7).
Fig. 19b and c present an image of 1.4875 and its EDS elemental map-
ping after 5000 h of exposure at 600 °C. No evidence of protective oxide
formation can be found. Instead, a significant loss of Cr, Mn, and Ni in
the corroded zone is observed, which suggests that the main corrosion

Cr-g\arbide
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Fig. 18. Bulk microstructure of 1.4875. a) Optical microscope image of initial
state after etching, b) BSE image of initial state, ¢) BSE image after 5000 h
exposure at 600 °C, d) BSE image after 5000 h exposure at 700 °C.
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mechanism for exposure at 600 °C is dissolution corrosion. Additionally,
1.4875 suffers from liquid lead penetration. Both dissolution and lead
penetration reach a visible depth of 180 ym. The surface morphology of
1.4875 has considerably changed during exposure, indicating that the
outer grains might have detached. The intergranular attack of the liquid
Pb leads to a weakening of the grain boundaries and favors detachment
from the matrix.

3.5.3. Corrosion at 700 °C

In contrast to the 600 °C exposure test, outward- and inward-
growing oxide formation is observed after 5000 h of exposure at 700
°C, as depicted in Fig. 20a. According to the EDS elemental mapping in
Fig. 20d and the line measurement along the regions covering the oxide
layer and subsurface region in Fig. 20c, the outward-growing oxide
consists of O, Mn, and Fe and contains almost no Cr, which indicates Fe-
Mn spinel. It is obvious that the Mn outward diffusion rate is higher than
that of Cr. However, the Fe-Mn spinel growing outwards does not pre-
vent inward diffusion of oxygen. Instead, oxygen penetrates and oxidizes
Cr and Mn underneath the Fe-Mn spinel layer. This results in formation
of an inward-growing Cr-Mn spinel. The formed oxides are able to
mitigate the penetration of liquid lead and selective dissolution. A sig-
nificant Mn depletion due to Fe-Mn and Cr-Mn spinel formation leads to
ferritization in the substrate, as Mn is an austenite stabilizer. This is
confirmed by the EBSD result in Fig. 20b. In addition, the fraction of Cr-
nitride in the subsurface increases up to 3 %. However, Cr-rich nitrides
and carbides within and below the inner oxidation zone are also found to
be dissolved as Cr is consumed for Cr-Mn spinel formation.

Based on the summarized assessment in Table 5 and the summary in
figures in Fig. S7, the corrosion behavior of 1.4875 shows some in-
consistencies over time, especially at 700 °C. At 600 °C, a thin protective
oxide layer is formed after 1000 h, while longer exposure results in an
increasingly severe dissolution attack. Since the oxygen concentration
was slightly higher in the 1000 h experiment (see Fig. 1), it remains
unclear whether the change in corrosion mechanism is caused by the
progress of time or by the different oxygen conditions. At 700 °C, the
opposite trend is obtained. Dissolution corrosion with lead penetration
is found after 1000 h and 2000 h, while protective oxides are formed
after 5000 h. These different corrosion mechanisms cannot be simply a
matter of time. A reasonable explanation could be that the higher oxy-
gen concentration of ~5.5 x 10~ wt% in the early stage of the 5000 h
(see Fig. 1) test promoted the oxide layer formation, although an oxygen
concentration drop is noticed at a later time.

4. Discussion

There are various factors that influence the corrosion behavior of
materials in liquid Pb. In addition to the temperature, this also includes
oxygen content or oxygen activity, chemical composition, and micro-
structure, which is mainly determined by the manufacturing process.

4.1. General remarks on exposure temperature

Dense and stable oxide scales formed on the steel surface are known
to be effective corrosion barriers against dissolution attack and liquid
metal penetration [9]. The Ellingham diagram depicted in Fig. 21 shows
the corresponding thermodynamically stable oxides in the temperature
region of interest. The experiments were performed at an oxygen con-
tent of about 2 x 10~/ wt% oxygen at 600 °C and 700 °C. The oxygen
content varied between 1x10~7 wt% at 600 °C and 4x10~7 wt% at 700
°C, see Fig. 1, as also indicated by the corresponding boundaries in
Fig. 21. This means that the oxygen activity was around the stability line
for the formation of Fe3O4, above the stability line for Cr,O3 and the
various spinel oxides like FeCry04, and well above the Gibbs free energy
of formation of Al;Os3 for both test temperatures.

Besides the thermodynamic stability, also the diffusion and reaction
kinetics, both enhanced at higher temperature, play a significant role in
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Fig. 19. 1.4875 samples after exposures at 600 °C. a) SE image after 1000 h of exposure, b) BSE image after 5000 h of exposure, c¢) EDS elemental mapping result.
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Fig. 20. Steel 1.4875 after 5000 h of exposure at 700 °C. a) BSE image with locations of the line measurement and the EBSD mapping, b) EBSD phase mapping, c)

result of line measurement, d) EDS elemental mapping result.

Table 5
Summarized assessment of 1.4875 after exposures at 600 °C and 700 °C.
600 °C 700 °C
1000 h 2000 h 5000 h 1000 h 2000 h 5000 h
Protective oxide layer ~1.5 pm X X X X v
Inward-growing oxidation X X X X X ~110 ym
Selective dissolution X ~100 ym > 180 um 20 pm 25 pym X
Liquid lead penetration X ~100 um > 180 um ~5 um 25 um X

the formation of protective oxide scales. These factors not only deter-
mine the growth rate but also the quality and thus the stability of the
formed oxide scale. Furthermore, the solubility of alloying elements in
liquid lead and thus dissolution is accelerated at elevated temperature.
Finally, exposure at high temperature leads to microstructural changes
of the bulk materials. Cr-rich secondary phases typically become
coarser, which reduces the Cr content in the matrix and thus the amount
of Cr freely available for oxidation.

These various effects and their complex interplay render a simple
discussion on the influence of temperature on the corrosion behavior
impossible. The material-specific influence of temperature is discussed
below.

4.2. Temporal evolution

Regarding the temporal evolution of corrosion, the tested austenitic
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steels typically show an oxide scale with protective behavior after short
exposure times. As the exposure time increases, the oxide scale becomes
discontinuous and finally disappears. This is also reported in literature
[29,30]. Various mechanisms can be responsible, including the presence
of less stable mixed oxides or defects in the scale, spallation due to
accumulated stresses, or dissolution [31-33]. Once the oxide scale loses
its protective behavior, inward-growing oxidation, selective dissolution
of steel alloying elements, ferritization of the corroded region, and Pb
penetration into the specimen surface can occur. Among other factors,
the remaining concentration of stable oxide formers in the sub-surface
layer and of oxygen in the immediate surrounding of the sample sur-
face are of particular importance here. An inward-growing oxide can
also develop corrosion-mitigating properties and impede, for instance,
the penetration of Pb, while the formation of a ferrite zone can accel-
erate the inward diffusion of Pb (preferentially along the grain bound-
aries), leading to a stronger corrosion attack. With further exposure
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Fig. 21. Ellingham diagram at the experimental conditions including the main
stability line of the oxides of interest and the oxygen concentrations established
during the tests (dashed line corresponds to 2 %1077 wt% O, solid lines mark
deviation by a factor 2).

time, the corrosion attack typically increases in extend and depth.

The described general evolution was observed for the cast steels
1.4408 and 1.4552 at both temperatures (see Table 2 and Table 3), for
316Tiat 700 °C, cf. Table 4 (at 600 °C, 316Ti shows selective dissolution
and Pb penetration already after 1000 h), and for 1.4875 at 600 °C
(Table 5). The corrosion process results after 5000 h exposure in the
following corrosion features, which are also graphically summarized in
Fig. 22: 1.4408 shows inward-growing oxidation and selective dissolu-
tion but no Pb penetration at both temperatures; 1.4552 exhibits se-
lective dissolution and lead penetration at 600 °C but inward-growing
oxidation and selective dissolution without lead penetration at 700 °C;
316Ti also shows selective dissolution and lead penetration at 600 °C
but merely selective dissolution without lead penetration at 700 °C;
1.4875 exhibits strong selective dissolution and lead penetration at 600
°C. The selective dissolution of preferably Ni (all steels except 1.4875)
and Mn (1.4875), which are both austenite stabilizing elements, results
in a ferritization of the respective depleted zones.

The only clear deviation from the described evolution was observed
for 1.4875 at 700 °C. Here, the samples exposed for 1000 h and 2000 h,
respectively, show selective dissolution and lead penetration, while the
sample exposed for 5000 h is protected by an oxide layer and inward-
growing oxide, probably promoted by a temporarily higher oxygen ac-
tivity in the initial stage of exposure.

For a better overview on the material-specific differences in corro-
sion behavior, Fig. 22 summarizes graphically the thicknesses of the
observed corrosion phenomena of all materials after 5000 h, regardless
of their temporal evolution.
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4.3. Specific influence of composition, grain size, and temperature

4.3.1. Mo content

Among the austenitic steels tested in this work, the cast steel grades
1.4408 and 1.4552 are materials with the most similarities in terms of
chemical composition, grain size, and microstructure. The major dif-
ference between both is the Mo and Nb content. The steel 1.4408 con-
taining Mo develops a continuous Cr-rich oxide layer on the surface at
600 °C with Mo-rich precipitates (Fig. 3a). Once this layer is detached,
an inward-growing oxide layer is formed, exhibiting preferential
oxidation of the Cr- and Mo-rich phase (likely a C14-Laves phase with
CryMo structure) (see Fig. 5d). This effectively inhibits the penetration
of liquid lead, but not the selective dissolution of Ni. In contrast, 1.4552
(containing Nb instead of Mo) is not able to form a continuous oxide
layer at 600 °C, leading to a higher extent of dissolution of alloying el-
ements such as Ni and Cr, which results in the formation of cavities and
penetration of lead (Fig. 7c). It seems obvious that the addition of 2.1 wt
% Mo of cast steel 1.4408 has a beneficial effect and increases the
corrosion resistance compared with the Nb stabilized cast steel 1.4552,
specifically at the lower temperature of 600 °C. Previous works have
shown that Mo can promote the adsorption of oxygen in the bulk [34]. In
parallel, Mo also enables enrichment of Cr>*, which enhances the po-
tential for inner oxidation of Cr [35,36]. Remarkably, 1.4408 is the only
material exhibiting no liquid lead penetration at 600 °C. One should
note that the beneficial effect of Mo is not observed for the wrought steel
316Ti, which contains similar amounts of Mo as 1.4408 but less Cr and
which has a smaller grain size (see also respective discussion below).

The influence of Mo almost disappears when the cast steels 1.4408
and 1.4552 are exposed at 700 °C. Here, the selective dissolution of both
materials is reduced compared with the lower temperature and pene-
tration of Pb is entirely absent. A reasonable explanation for the reduced
corrosion attack is the faster outward diffusion of oxide-forming ele-
ments and inward diffusion of oxygen, and the higher oxidation kinetics,
which seems to boost the oxidation and hinders or at least reduces the
selective dissolution. Although both cast steels show a comparably thick
zone of inward-growing oxidation, the area of dissolution of 1.4408 is
smaller compared to the Mo-free cast steel 1.4552. Thus, a small bene-
ficial effect of Mo is also observed at 700 °C, although strongly reduced
compared with its effect at 600 °C.

4.3.2. Cr content and grain size

The wrought stainless steel 316Ti, which has a similarly high Mo
content as 1.4408, does not form a protective oxide layer at 600 °C and
exhibits selective dissolution and Pb penetration to the same extent as
the Mo-free cast steel 1.4552. Main differences between 1.4408 and
316Ti are the much finer grain size of 316Ti, its stabilization with Ti and
the reduced Cr content of 16.7 wt% compared to the 18.6 wt% of
1.4408. The Ti addition is not expected to have a significant negative
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Fig. 22. Graphical summary of results after 5000 h exposure tests.
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influence on the corrosion resistance as it forms either TiC or TiN.
However, the lower Cr content most probably contributes to the reduced
corrosion resistance of 316Ti compared to 1.4408 at 600 °C. Cr is an
important element for oxide scale formation at the given low oxygen
concentration in liquid lead. 316Ti does not show any oxide after
exposure at 600 °C, not even after 1000 h, which enables selective
dissolution and lead penetration from a very early stage.

Finally, the finer grain size is also expected to have an influence on
the corrosion behavior, as diffusion along grain boundaries is usually
much faster than in the bulk. Faster diffusion enhances selective disso-
lution and penetration of Pb, but also outward diffusion of oxide-
forming elements and inward-diffusion of oxygen. Additionally, finer
grains typically lead to a more homogeneous composition. In total, a
finer grain size can be either beneficial or detrimental for the corrosion
behavior, depending on which effects predominate, the faster growth of
a more homogeneous oxide scale or the faster dissolution attack.

When comparing 1.4408 and 316Ti after exposure at 600 °C, the
higher proportion of grain boundaries of 316Ti appears to promote se-
lective dissolution and penetration of Pb into the steel and, thus, to be
detrimental. The remarkable behavior of 1.4408 being the only material
that exhibits no lead penetration at 600 °C, on the other hand, might be
associated with the coarse grain size of this cast alloy combined with the
slightly higher Cr content.

The detrimental combined effect of the slightly lower Cr content and
the finer grain size of the wrought steel 316Ti compared with the cast
steel 1.4408 is not observed at 700 °C. Here, 1.4408 shows a corrosion
behavior similar to 600 °C, while 316Ti exhibits a greatly improved
corrosion resistance compared with 600 °C, with strongly reduced se-
lective dissolution and without lead penetration. This makes the corro-
sion resistance of 316Ti even superior to the one of 1.4408, suggesting a
beneficial effect of the finer grains at 700 °C. However, the corrosion
behavior of 316Ti, in particular, needs to be investigated for exposure
times exceeding 5000 h, since this steel does not show inward-growing
oxidation after 5000 h.

4.3.3. Ni content

As Ni has a very high solubility in liquid Pb, one would expect that a
higher Ni content results in a stronger dissolution attack [9]. However,
this is not really obvious from the results, at least at 600 °C. Here, despite
its very high Ni content of 31.1 wt%, alloy 800H exhibits a better
corrosion resistance than the Ni-stabilized austenitic steels 1.4552 and
316Ti with Ni contents around 9-10 wt%. Alloy 800H shows the local
formation of Al- and Cr-rich oxides (see Fig. 16), which contribute to the
mitigation of dissolution corrosion and lead penetration, even though
they are not able to completely prevent the corrosion attack. Since Al is a
very strong oxide former and alumina a stable and protective oxide,
already the low amount of 0.3 wt% in alloy 800H can have a positive
influence on the corrosion resistance. Additionally, the slightly higher Cr
content of 20.8 wt% of alloy 800H may be beneficial as well.

At 700 °C, the high solubility of Ni results in the expected strong
corrosion of alloy 800H. This alloy is the only material that exhibits Pb
penetration at 700 °C and that shows a deeper selective dissolution at
the higher temperature. The strong corrosion of alloy 800H at 700 °C
confirms the detrimental effect of very high Ni contents.

4.3.4. Mn content

The Mn-containing steel 1.4875 shows the worst compatibility with
liquid lead at 600 °C among the tested steels, indicating a detrimental
effect of Mn. Strong dissolution attack and lead penetration are
observed. The steel 1.4875 contains significant amounts of Mn (8.1 wt
%), which has a similarly high solubility in liquid lead as Ni (even
slightly exceeding the one of Ni) [9]. In contrast to Ni, Mn can form
oxides at the given oxygen concentration. Indeed, the oxide scale
observed after 1000 h contains a Mn-rich Fe-Mn spinel and a Cr-rich
Cr-Fe-Mn spinel. The structure of the oxide layer corresponds to the
observations made for oxidation in gas atmosphere [37-39], in which

13

Corrosion Science 244 (2025) 112651

Cr,03 is formed first. However, CroO3 has a high permeability for Mn,
leading to the formation of an outer Cr-Mn spinel. In a next step, the
inner Cry0j3 is converted to a mixed Cr-Mn oxide due to the high solu-
bility of Mn in Cry0O3, which destroys the compactness of the initially
formed Cr,03 layer. The double-layer oxide scale observed after 1000 h
in liquid Pb suggests a similar growth mechanism as the one reported in
oxidizing atmosphere. This oxide scale is unstable; it disappears within
the first 2000 h of the presented tests. The subsequent dissolution attack
with Pb penetration proceeds rather quickly, facilitated by the high
solubility of Mn. Additionally, the precipitation hardened steel 1.4875
possesses the smallest grain size among the investigated steels. Similar
to 316Ti compared with the cast steel 1.4408, the fine grain size of
1.4875 might further facilitate selective dissolution and Pb penetration
at 600 °C.

At 700 °C, the steel 1.4875 shows extensive oxidation after 5000 h,
with the inward-growing oxide reaching a depth of ~110 um. Factors
that promote oxidation are certainly the rather high Cr content (21.3 wt
%) and the presence of Mn, which results in formation of Cr-Mn spinel.
Although significant amounts of Cr are bound in Cr-carbides and -ni-
trides in the bulk after exposure at 700 °C, these secondary phases are
not observed near the surface. They might act as Cr reservoir for inward-
growing oxidation.

In contrast to 600 °C, the fine grain size of 1.4875 appears to enhance
oxidation at 700 °C by facilitating outward diffusion of oxide-forming
elements and inward diffusion of oxygen. Due to the complex inter-
play of multiple factors on the corrosion behavior (highest Cr content
and smallest grain size among all investigated steels), it is impossible to
pinpoint the effect of Mn content at 700 °C.

4.4. Final remarks

Comparing the presented results with literature data is possible for
the 316-type steel only as no exposure of the other austenitic steels to
any Pb alloy was reported so far. At 600 °C, studies on 316 L exposed to
PbBi with an oxygen content of 10~ wt% are available. Under these
conditions, an oxide layer formed but was not able to protect the steel
from dissolution attack and penetration of PbBi. The depth of the attack
varied between 20 um after 5000 h [14,15], 55 um after 800 h [16], and
300 um after 2000 h [17]. The present result with an around 100 um
deep dissolution attack of 316Ti after 5000 h in liquid Pb containing
2 x 1077 wt% lies within the reported variation.

At 700 °C with 10~7 wt% oxygen in PbBi, 316 L showed a deep
penetration of Pb and Bi after 500 h, without any oxide scale formation
[19]. A higher oxygen content of 10> wt% in the PbBi resulted in oxide
scale formation and penetration of Pb and Bi after 230 h [20]. In
contrast to these reported studies, 316Ti exposed to liquid Pb at 700 °C
in the present study shows a significantly reduced dissolution and no Pb
penetration. This difference might be attributed to the Bi in the eutectic
PbBi alloy used in the cited tests, as Bi has a higher solubility for all
alloying elements.

As far as the applicability of the tested steels in Pb is concerned, the
ferrite surface layer might have an impact on the overall mechanical
properties as ferrites tend to embrittle in Pb alloys at least at lower
temperatures (around 350 °C). In addition, the creep strength of the
alloy can also be adversely affected by the ferritization, as the austenite/
ferrite boundaries are prone to creep damage by cavitation [40].
Nevertheless, the addition of 1 mm wall thickness for application in Pb
should be sufficient for more than 20,000 h service time, even for the
tested material with the worst compatibility. In order to ensure safe use
also at high flow speeds, the materials should be tested in flowing Pb.

5. Conclusion
The corrosion behavior of five commercially available austenitic

stainless steels in liquid lead containing 2 x 10~7 wt% dissolved oxygen
has been investigated. Exposure experiments at two different
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temperatures, 600 °C and 700 °C, were performed for 1000, 2000, and
5000 hours. Generally, the corrosion attack of the steels is characterized
by formation of an oxide scale in the initial stage, followed by its
disappearance and the onset of inward-growing oxidation, selective
dissolution leading to subsurface ferritization, and Pb penetration. At
600 °C, the depth of the corrosion attack reaches ~35 pm (cast steel
1.4408) to more than 180 um (wrought steel 1.4875) after 5000 h. A
slightly decreased corrosion depth is observed after 5000 h at 700 °C,
ranging from ~30 pm (wrought steel 316Ti) to ~120 um (alloy 800H).

The tested materials differ in composition and manufacturing route,
which allows to draw some conclusions on the influence of individual
alloying elements and of the grain size. These are:

1. The addition of ~2.1 wt% Mo has a beneficial effect on the corrosion
resistance, if the Cr content is high enough (~18.5 wt% suffices,
while 16.7 wt% seems not enough).

2. A fine grain size seems detrimental at 600 °C, while a positive effect
of finer grains is deduced at 700 °C.

3. As anticipated, a very high Ni content (~31 wt%) is detrimental due
to the high solubility of Ni. This influence becomes apparent at 700
°C, while the positive influence of a high Cr content and small ad-
ditions of Al (<1 wt%) to alloy 800H obscures the negative effect of
Ni at 600 °C.

4. Substitution of Ni by Mn, another austenite-stabilizing element, does
not improve the corrosion resistance.

From the presented exposure tests, the most promising materials for
application in liquid Pb at 600 °C and 700 °C are the cast steel 1.4408
and the wrought steel 316Ti, which should be tested in long-term
exposure experiments (10,000 h) as a next step.
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