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This study explores the possibility to extend the service temperature of austenitic steel 316Ti in liquid lead to 700
°C. To improve the material compatibility, 316Ti is subjected to three different pre-treatments prior to Pb
exposure: pre-oxidation in hot air, aluminizing by pack cementation, and the combination of both. In exposure
tests with duration up to 5000 hours, the combined pre-treatment comprising aluminizing by pack cementation
and subsequent pre-oxidation is found to provide the most effective corrosion protection to austenitic steel 316Ti
in contact with liquid Pb containing 2 x 1077 wt% dissolved oxygen at both 600 and 700 °C.

1. Introduction

Liquid metals are gaining attention as potential cooling fluids for
advanced fast reactor systems and as heat transfer fluids in thermal
energy storage (TES) for waste heat recovery and process heat from
renewable energy sources. Their excellent thermal properties and high
boiling points enable high heat transfer rates and operation over a wide
temperature range. Among liquid metals, liquid lead (Pb) stands out due
to its high availability and low cost, making it a cost-effective option.
Furthermore, Pb has no intense reactivity with water or air, which poses
a significant advantage over, e.g., Na. Additionally, its low vapor pres-
sure ensures stability at high temperatures, and its low neutron capture
cross-section adds further benefits in nuclear applications [1-5]. How-
ever, the use of liquid Pb and Pb alloys presents significant challenges
due to their highly corrosive nature, particularly at elevated tempera-
tures. Exposure of austenitic steels in liquid metals at high temperatures
under various oxygen concentrations has been reported to cause changes
in surface morphology and microstructural changes or ferritization due
to selective dissolution of austenite stabilizing alloying constituents such
as Ni [6]. Therefore, careful material selection for critical components
such as pumps and valves is crucial, as these parts are essential for
maintaining operational reliability and ensuring safe operating
conditions.

One of the prevalent types of austenitic steel used in pump and valve
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manufacturing is 316 grade, as it is known for its excellent strength and
corrosion resistance at high temperatures. A modified version, 316Ti, is
stabilized with titanium, offers enhanced strength, and prevents sensi-
tization or carbide precipitation—a common issue in standard 316
stainless steel that can lead to intergranular corrosion. While extensive
data on the corrosion behavior of 316 steel in liquid lead-bismuth
eutectic (LBE) at temperatures up to 800 °C is available, data on the
corrosion behavior of 316Ti in liquid Pb is limited. Most studies reported
that 316 steel is vulnerable to corrosion phenomena such as the disso-
lution of alloying constituents and liquid metal attacks at temperatures
higher than 600 °C [7-11].

A common strategy to inhibit corrosion in liquid Pb or LBE is to
develop a protective barrier on the steel surface, which prevents direct
contact between the steel and liquid metal. A straightforward treatment
for creating this barrier is pre-oxidation. Maia et al. revealed that bare
316 L steel underwent dissolution corrosion in liquid LBE at 400 °C with
an oxygen concentration of 10 to 10~' ° wt%. Pre-oxidation prior to
exposure at different temperatures led to the formation of an outer Fe-
rich oxide layer and an inner Fe-Cr spinel layer, which shifted the
corrosion mechanism to localized pitting [12]. Another investigation
involved different alumina forming austenitic (AFA) steels and ferritic
FeCrAlMo alloy with different liquid metals. Pre-oxidation improved the
compatibility of the AFA steels with liquid metal Pb after 1000 h expo-
sure at a temperature of 700 °C. A significant reduction in mass loss and
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no evidence of dissolution were observed in pre-oxidized samples [13].
Pre-oxidation seems to be beneficial especially for the short-term
behavior. However, for long-term performance, it is crucial that an
oxide layer can self-heal during exposure in case of mechanical damage
to the scale such as crack formation or spallation. Essential for the in-situ
oxide formation is the introduction of oxygen into the liquid metal. The
oxygen content has to be high enough to allow a fast oxide formation on
the steel surfaces at all operating temperatures, but low enough to
prevent Pb-oxide formation. Using strong oxide formers like Al and Si
enlarges the operation windows of the oxygen content, since Al-oxide
and Si-containing spinel have a lower oxidation potential than magne-
tite or Fe-Cr spinel, i.e., a lower oxygen content suffices for their for-
mation. Especially Al is known to be oxidized selectively and to form
dense and slowly-growing oxide layers. Therefore, alumina-forming al-
loys are in the focus for high temperature applications in heavy liquid
metals [14-17].

Despite the research on alumina-forming alloys, 316-type steels
remain at present the prevalent choice for pumps and valves. Since
316Ti is, like many austenitic steels, not an alumina-forming material,
applying an Al-rich coating is necessary. Such coatings can be classified
in two groups, (i) overlay coatings applied by a deposition method like
plasma spraying without further treatment, (ii) surface modification
methods. To overcome the issues related with a non-perfect adhesion of
deposited coatings, surface modification methods such as diffusion
coatings are preferred. For a diffusion coating, Al is deposited to the
surface and diffused into the steel surface at a higher temperature, which
enables an optimal connection to the base material by forming inter-
metallic phases. One method to apply Al for subsequent diffusion is hot
dipping. This type of Al diffusion coating was mainly developed for
nuclear fusion reactors to reduce the corrosion and the tritium perme-
ation in the first wall [18,19]. However, the applied Al layer thickness is
difficult to control. The high amount of Al led to an excessively high Al
content on the surface, which, due to the high solubility in liquid Bi, led
to dissolution attack instead of the formation of protective oxide layers
when exposed to flowing LBE, even at 420 °C [20,21]. This showed that
the Al concentration on the steel surface is crucial for formation of a
protective oxide layer. If the activity of Al is not high enough, the for-
mation of fast-growing and non-protective scales due to the oxidation of
steel alloying elements cannot be suppressed. A promising result showed
the Al foil wrapping method [21,22], but this method cannot be used
with more complex structures and fails if the foil is not sticking well on
the steel surface. A possible solution is the industrially well-established
pack cementation method. It is an in-situ chemical vapor deposition
method with simultaneous diffusion and formation of Al-rich in-
termetallics. Diffusion aluminizing is a generally used method to
improve the oxidation/corrosion behavior of steels in oxidizing atmo-
spheres [23-26] or in molten salts [27-29] at high temperatures. On the
other hand, to the authors’ knowledge, there aren’t many studies
investigating the corrosion resistance of such coatings in liquid Pb at
high temperatures. Deloffre et al. [30] tested aluminized martensitic and
austenitic (316 L) steels by pack cementation at temperatures between
350 °C and 600 °C in stagnant and flowing LBE with different oxygen
contents. In stagnant condition, the aluminized 316 L showed no change
of the coating up to 500 °C and 10.000 h in LBE with an oxygen con-
centration of 10~ to 108 wt%. The oxygen content becomes more
important at higher temperatures. At 600 °C, corrosion attack occurred
below 10~% wt% oxygen, while above 10~% wt% no changes of the
coating were observed in stagnant conditions and flowing conditions
(1.9m/s) caused changes only in areas with turbulent flow.
Pack-cementation was also applied to Ni-based Inconel 625, which is
prone to Ni dissolution and LBE penetration, to create a NiAl-rich
coating. The aluminized Inconel 625 exhibited an Al-rich oxide layer
and good compatibility with LBE at 600 °C after 200 h. However, at 850
°C for 72h, it underwent LBE penetration and dissolution corrosion
[31].

These results indicate that at elevated temperatures the kinetics of
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Pb/LBE penetration and dissolution corrosion outweighed the alumina
formation. Hence, it may be required to perform the alumina formation
before the exposure in liquid metal, i.e., to introduce a pre-oxidation
step.

With increasing interest in using liquid Pb for high-temperature
applications above 600 °C, further research is needed, as first studies
indicate corrosion of 316Ti under prolonged exposure at these temper-
atures [11]. Since pre-treatments promise an improvement of the
corrosion resistance, this study focuses on examining the corrosion
behavior of 316Ti with three selected pre-treatments at two tempera-
tures, 600 °C and 700 °C, and over exposure times of up to 5000 h. The
oxygen concentration for all experiments is set at 2 x 1077 wt%, which
allows formation of Fe spinel, Cr-oxides, and Al-oxides.

2. Materials and methods
2.1. Materials and pre-treatments

In this study, commercially available austenitic steel AISI 316Ti
(1.4571) is pre-treated and subsequently tested in static liquid Pb. Its
measured chemical composition as provided by the supplier is shown in
Table 1.

The 316Ti specimens were cut into rectangular coupons with a
dimension of 29 mmx 10 mm x 2 mm. A hole was drilled into one side of
each specimen. Before starting the pre-treatments, the specimens were
ground using 1200# SiC grinding paper and then cleaned in ethanol.

Three different pre-treatments were applied to the 316Ti substrate to
form a corrosion inhibitor layer prior to exposure in liquid Pb. The first
treatment involved pre-oxidation at high temperature to form a Cr-rich
oxide layer on the surface. The second treatment was aluminizing via
pack cementation to develop an aluminide coating on the 316Ti sub-
strate. The third treatment combined aluminizing by pack cementation
with subsequent pre-oxidation. The original untreated 316Ti was also
included in the exposure plan.

Diffusion aluminizing process was undertaken by in-pack cementa-
tion. Samples were initially glass-bead blasted and degreased in an ul-
trasonic acetone bath. Thereafter, they were embedded in alumina
retorts in a pack powder mixture consisting of the diffusion element Al,
the halide activator NH4Cl, and the inert filler Al,O3 with the compo-
sition ratio of 1.5 wt%, 1 wt%, and 96 wt%, respectively. Thereafter, the
retorts were placed in a furnace equipped with a quartz tube, which was
evacuated and filled with Ar twice and then heated up to 150 °C under
Ar/H, flow (Ar + 5vol% Hjy, 4L/h) to reduce the oxygen content.
Subsequently, the coating manufacturing process was conducted at
1000 °C for 1.5h under the above-mentioned gas flow. The samples
were cooled down to room temperature, removed from the retorts, and
cleaned in ultrasonic acetone bath. Further details on the coating
manufacturing process can be found in [32-35].

Pre-oxidation treatment was conducted in still laboratory air in a
muffle furnace at 1000 °C for 4 h to initiate the formation of a Cr-rich
oxide scale on the uncoated 316Ti and an Al-rich oxide scale on the
aluminized samples prior to the exposure in liquid Pb. The temperature
of 1000 °C was chosen to enable the formation of stable a-alumina on
the aluminized samples. The samples were cooled down in the furnace, i.
e., the cooling rate was rather low.

Fig. 1 summarizes X-ray diffraction (XRD) patterns of untreated
316Ti, pre-oxidized 316Ti, aluminized 316Ti, and aluminized and sub-
sequently pre-oxidized 316Ti prior to exposure to liquid Pb. The
diffraction pattern of untreated 316Ti shows an austenitic microstruc-
ture with a small ferrite content, which stems from §-ferrite stringers
present in the bulk material [11]. The XRD results of pre-treated 316Ti
confirm the successful application of the respective pre-treatments, i.e.,
the formation of CryO3 during pre-oxidation of pristine 316Ti, the for-
mation of an FeAl intermetallic phase during aluminizing, and the for-
mation of a-Al,O3 (corundum) during subsequent pre-oxidation.

Fig. 2a shows a representative cross-sectional SEM-BSE
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Table 1
Chemical composition of austenitic steel 316Ti in wt%.
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Material C Si Mn S

Cr

Ni Mo Ti Fe

316Ti 0.030 0.36 1.11 0.004

16.70

10.50 2.02 0.013 0.381 bal.

—— 316Ti untreated

“—576Ti pre-oxidized

T AUBT6TS

Intensity (a.u.)

AI316T! pre-oxidized

50 55

2 Theta [degrees]
e austenite O ferrite  mFeAl “corundum A Cr20s
® Cr-depleted bulk o mixed (Fe,Cr,Ni) spinel oxides

Fig. 1. XRD results of 316Ti in untreated, pre-oxidized, aluminized, and pre-
oxidized aluminized condition.

(backscattered electrons) image of 316Ti after pre-oxidation, revealing
non-uniform oxide formation at the sample surface and internal oxida-
tion within the bulk. An overview image with lower magnification can
be found in the Supplementary Material, Fig. S2a. The left part of Fig. 2a
exhibits a thin oxide layer formation with a thickness of approximately
3 um. According to the EDS line scan 1 across the thin oxide layer (see
Fig. 2¢), the oxide contains primarily Cr with no presence of other ele-
ments, suggesting the formation of a Cr-rich oxide, which is confirmed as
Cr03 by the XRD results presented in Fig. 1. On the other hand, the right
part of Fig. 2a represents a local breakaway and shows a porous oxidized
zone with a greater depth, reaching up to 30 um. In other locations, the

thick oxide reaches up to 50 pm (Fig. S2a). EDS line scan 2 across the
thick and porous inward-growing oxide (see Fig. 2d) shows that the
oxide contains Fe, Cr and Ni, suggesting the formation of a Fe-Cr-Ni
spinel as confirmed by the XRD results (Fig. 1). Moreover, a Si peak is
observed beneath the Cr-rich oxide in both line scans, which indicates
the formation of a Si-rich oxide at the interface to the bulk. The EDS line
scans and EDS elemental mapping (see Fig. 2b-d) further reveal a higher
Cr concentration within the innermost oxide layer right at the bulk
interface, while a clear Cr depletion is observed in the bulk below due to
the consumption of Cr for oxide formation. The Cr depletion combined
with the low cooling rate after pre-oxidation leads to ferritization of the
surface-near bulk, see EBSD phase mapping in Fig. 2e and f and
respective diffraction peak denoted Cr-depleted bulk in Fig. 1.

Fig. 3 presents the cross-sectional analysis of 316Ti after aluminizing
via pack cementation (see Fig. S3a for an image with lower magnifica-
tion). A uniform coating layer with a typical high activity coating
microstructure [36,37] is formed on the 316Ti substrate, comprising an
outer layer (diffusion zone, DZ) with a thickness of ~40 ym and an
interdiffusion zone (IDZ) with a thickness of ~55 um. Both horizontal
and vertical cracks are present in the outer layer, which are formed
during the cooling process of the pack aluminizing. Their presence can
be attributed to the build-up of thermally induced stresses during
cooling down due to the mismatch of thermal expansion coefficients
between the Al-rich coating and the substrate [38,39]. The peaks
revealed by XRD analysis of the aluminized 316Ti (Fig. 1) could be
identified as B2-FeAl, a non-stoichiometric intermetallic phase with
wide homogeneity range (~25-52 at% Al at 1000 °C). According to the
line measurement in Fig. 3b, the outer layer contains also Cr and Ni,
which indicates a solid solution (Fe,Cr,Ni)Al with an ordered B2 struc-
ture. The EDS line scan in Fig. 3b also shows that the Al concentration in
the outer and IDZ layers generally decreases with depth. The Ni con-
centration increases with depth in the outer layer, reaching around 28 at
% in the innermost region of the DZ, right at the interface with the IDZ.
Here, a continuous Ni-rich intermediate layer is formed, see also the EDS
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g
C) N 80 oxide layer z 80
kA KAal ||[EBSD mapping
<60 < 60
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O 0 ‘ ] 0 e 15 pm A
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Distance along line scan [um] Distance along line scan [um] O austenite [ ferrite

Fig. 2. As pre-oxidized 316Ti. a) and b) represent BSE image and its EDS elemental distribution mappings, ¢) EDS line scan result across the thin oxide layer (see line
1 in a), d) EDS line scan result across the thicker and porous oxidized zone (see line 2 in a), ) EBSD mapping location at position with thin oxide scale, and f) EBSD

phase mapping result.
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IDZ

substrate 316Ti

30 um

C
Al 30 um|CF 30um|Fe 30 um
B Si

Fig. 3. As aluminized 316Ti via pack cementation. a) BSE image, b) EDS line scan result across the outer layer, IDZ and substrate (see the green arrow a) and c) EDS
elemental distribution mapping.

elemental mapping in Fig. 3c. This is a quite common observation for
diffusion aluminide coatings deposited on austenitic steels. It is
explained by the outward diffusion of Ni from the substrate, the inward
diffusion of Al towards the substrate, and the high affinity between Ni
and Al [40]. The IDZ layer shows finely dispersed B2-NiAl precipitates
that are embedded in an Fe- and Cr-rich ferritic matrix. The outward
diffusion of Ni and the formation of the B2-precipitates in the IDZ lead to
a Ni depletion in the matrix of the IDZ zone, which causes destabilization
of the austenitic microstructure and its transformation to ferrite [41].
Fig. 4a, b, and d show BSE images of the aluminized 316Ti specimen
after pre-oxidation (a low-magnification image is presented in Fig. S4a).
An alumina layer with a varying thickness of 3-9 pym is formed on the
aluminide coating, see also corresponding elemental mapping result in
Fig. 4f. Formation of the targeted corundum or a-AlyOs3 after 4 h pre-
oxidation at 1000 °C is confirmed by XRD analysis, see Fig. 1. The
upper part of the alumina layer shows horizontal cracks (see Fig. 4b),

/alumina layer

‘outer layer

~40 um
IDZ ~110 ym
substrate

Concentration [at. %] o

N
1=}

[
=}

@
=}

IN
t=}

0

Corrosion Science 251 (2025) 112896

A——Cr- Fe
IDZ

Ni

outer layer

e

A vt i

—p

Lt LA iRt
10 20 30 40 50 60 70 80 90 100
Distance along line scan [um] |

0

Mo 30 um

cracks’” - _alumina Iayer —— A——Cr Fe——Ni
&GN outer layer IDz

- R . : 60
void 8,
=
8

401
€
8

< 204
o
O

10 um

f) °

likely resulting from the preparation steps. Some cracks originating from
the pack cementation process are found to be filled with Al-rich oxide.
Beneath the alumina layer, voids are formed due to the Kirkendall effect
caused by the different diffusion rates of the elements.

Two distinct outer layer microstructures are observed throughout the
sample coating. Fig. 4b depicts a region where the outer layer is ho-
mogeneous, see also the corresponding line scan results in Fig. 4c. The
analysis reveals a significant reduction in Al concentration compared
with the outer layer prior to pre-oxidation (Fig. 3b), which is caused by
Al consumption in the alumina formation and Al diffusion towards the
substrate. The decrease of the Al content to approximately 26 at% is
accompanied by an Fe increase to ~57 at% and slightly higher Ni and Cr
concentrations. Despite the lower Al concentration, the outer layer still
shows the B2-FeAl microstructure, see XRD results in Fig. 1. At another
location of the sample, depicted in Fig. 4d with the corresponding EDS
line scan in Fig. 4e, the outer layer shows decomposition into a matrix
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Fig. 4. Aluminized 316Ti after pre-oxidation. a) BSE image of the coating and substrate, b) BSE image of a homogeneous outer layer, ¢) EDS line scan result along
green arrow in b), d) BSE image of an outer layer with markedly microstructural evolution, €) EDS line scan result along green arrow in d), f) EDS elemental

distribution mapping of a).
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and dispersed NiAl precipitates. The strong affinity between Ni diffusing
from the substrate and Al leads to the formation of NiAl, which results in
a further reduction of Al in the matrix and destabilization of the B2-FeAl
structure. The Al content of the matrix is measured to be 18-20 at%,
which suggests formation of a ferritic a-Fe structure. The observed
microstructural variations along the sample may be attributed to dif-
ferences in local diffusion activities or Al uptake during the pack
cementation process, which is known to depend critically on local
sample properties, surface finish, and process parameters. The IDZ has
increased in thickness from 55 um to 110 um after pre-oxidation. It
consists of a ferritic matrix and finely dispersed spherical NiAl
precipitates.

2.2. Corrosion tests

The stagnant corrosion tests were carried out in the COSTA facility
developed at Karlsruhe Institute of Technology (KIT) [42]. The facility
consists of a furnace with a quartz glass tube and a gas control system.
Liquid Pb was filled in alumina crucibles and inserted in the tube. The
amount of oxygen dissolved in the liquid Pb was controlled via the gas
phase by a continuous flow of Ar and Ar/Hy with a specific Ho/H20
ratio. After several days of conditioning, an equilibrium between the
oxygen activities in the gas atmosphere and in the liquid Pb was ach-
ieved and the specimens were inserted. To prevent oxygen break-in
during specimen loading and unloading, a pre-conditioned glove box
was employed. The specimens were mounted with a Mo-wire to alumina
holders and then immersed in the alumina crucibles filled with the
conditioned liquid Pb. Each crucible contained one specimen. During
the entire exposure tests, the oxygen partial pressure of the gas leaving
the quartz glass tube was monitored using a high-precision oxygen
analyzer (SGMT1.3 from ZIROX, Germany). From these data, the oxygen
concentration in liquid Pb was calculated using the oxygen saturation
data reported in Ref. [43].

The corrosion tests were performed at 600 and 700 °C. The targeted
oxygen concentration in the liquid Pb for both temperatures was
2 x 1077 wt%. Table 2 outlines the exposure plans and durations for the
different pre-treated materials. The monitored oxygen content over the
exposure time is shown in Fig. 5.

2.3. Post-exposure examination

After the corrosion tests, the specimens were cut longitudinally into
two parts. The first part was used for cross-sectional analysis, while the
second part was kept for X-ray diffraction (XRD) analysis. The first part
was cold-mounted in resin without a preliminary cleaning step. The
embedded samples were ground with up to 2400# SiC paper and pol-
ished with a diamond suspension down to 1 ym. For a better conduc-
tivity, the samples were then sputtered with a thin layer of gold.
Scanning electron microscopy (SEM, Zeiss LEO 1530 VP) equipped with
EDS (IDFix, SAMx) and electron backscatter diffraction (EBSD, EDAX)
were used to characterize the materials and coatings prior to and after
Pb exposure. Hereby, the corrosion behavior was analyzed at different
locations on the sample to ensure consistent exposure conditions, in
particular a homogeneous oxygen concentration in the liquid Pb. EBSD
analysis was performed to investigate any potential evolution of the
microstructure after exposure. Prior to EBSD analysis, the samples were
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further polished using a vibration polisher (Buehler Vibromet 2) with
colloidal SiO; polishing fluid. The EBSD mapping results were analyzed
using the OIM Analysis software from EDAX. The second half of each
exposed sample was analyzed using X-ray diffraction (XRD, Seifert 3003
PTS) with Cu K,; radiation to characterize the coating layer and the
oxides formed. Before conducting XRD analysis, the exposed samples
were cleaned from adherent lead by immersing them in a 1:1:1 mixture
of acetic acid, hydrogen peroxide, and ethanol, followed by rinsing with
distilled water and ethanol.

3. Results
3.1. Untreated 316Ti

Results of exposure tests of 316Ti without any pre-treatment in liquid
Pb at 600 and 700 °C are published in detail in a recent study, to which
the readers are referred for further details [11]. Due to their relevance
for the present study, where the influence of different pre-treatments is
assessed, the main results of untreated 316Ti are summarized in the
following. Cross-sectional BSE (backscattered electron) images of the
untreated 316Ti specimen after 5000 h of exposure in liquid Pb at 600°C
are shown in Fig. S1a (low magnification) and in Fig. 6a. The untreated
316Ti specimen exhibits liquid Pb penetration to a depth of up to 80 pm,
along with evidence of Ni and Cr depletion in the subsurface, indicating
dissolution corrosion (see mappings in Fig. 6¢). The dissolution of Ni as
an austenite stabilizer leads to subsurface ferritization, as confirmed by
the EBSD mapping result shown in Fig. 6b. The XRD results in Fig. 7
indicate that the austenite peak in the sample before exposure has
transformed into ferrite peaks after exposure at 600 °C. Dissolution
corrosion and liquid Pb penetration were already apparent after 1000 h
and 2000 h of exposure, see Ref. [11].

Fig. 8a shows a representative cross-sectional BSE image of the un-
treated 316Ti after 2000 h exposure in liquid Pb at a higher temperature
of 700 °C. A thin, inward growing oxide layer is observed in some re-
gions. The XRD results shown in Fig. 7 reveal the oxides formed after
2000 h of exposure at 700 °C as Fe-Cr spinel and Cr,O3, However, this
layer appears discontinuous and shows signs of local detachment (see
red arrow in Fig. 8a). As shown in Ref. [11], EDS elemental distribution
mapping reveals significant Ni depletion and minor Cr depletion in the
area beneath the detachment region, leading to subsurface ferritization
as confirmed by XRD results in Fig. 7. After 5000 h of exposure (see
Fig. 8b and the low-magnification images in Fig. S1b), the oxide layer is
no longer visible, suggesting that the layer has completely delaminated
and the material is unable to re-form the scale. Instead, the dissolution of
alloying elements such as Ni (see EDS elemental mapping in Fig. 8d)
results in subsurface ferritization as validated by the EBSD phase map-
ping result presented in Fig. 8c and the XRD results presented in Fig. 7.
Despite the severe dissolution corrosion observed at the subsurface, no
liquid Pb penetration is apparent. Besides TiN precipitates, Cr-rich sul-
fide precipitates are found within the ferrite zone, while in the bulk
below patches of a Cr-Mo-rich o-phase are formed, see also [11].

3.2. Pre-oxidized 316Ti

Fig. 9a shows a typical cross-sectional BSE image of the pre-oxidized
316Ti specimen after 5000 h of exposure in liquid Pb at 600 °C, while an

Table 2
Different pre-treatments and exposure plan for 316Ti.
600 °C 700 °C
Material
1000 h 2000 h 5000 h 1000 h 2000 h 5000 h
Untreated 316Ti v v v v v v
316Ti pre-oxidized v v
Aluminized 316Ti v 4 v v
Aluminized 316Ti pre-oxidized v v
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Fig. 5. Monitored oxygen concentration during the exposure tests. Left: tests at 600 °C, right: test at 700 °C. The data for the 5000 h exposures apply to all three
samples, i.e., untreated 316Ti, pre-oxidized 316Ti, and aluminized 316Ti pre-oxidized.
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Fig. 6. Untreated 316Ti after 5000 h of exposure in liquid Pb at 600 °C. a) BSE image, b) EBSD phase mapping result and c) EDS elemental distribution mapping
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Fig. 7. XRD results of untreated 316Ti before and after exposures in liquid Pb
at 600 °C and 700 °C.

image with lower magnification is presented in Fig. S2b. Liquid Pb is
found to be present within the porous structure of Fe-Cr-Ni spinel, but
has not yet penetrated the bulk. The oxide layer on the sample surface
appears unchanged compared to its as-pre-oxidized state shown in
Fig. 2a, indicating no deterioration of the oxide layer. According to the
line scan in Fig. 9b, no depletion of Ni is detected beneath the oxide
layer, indicating that the pre-oxidation could effectively prevent the

dissolution of Ni up to 5000 h at 600 °C.

Fig. 10a shows a representative cross-sectional BSE image of the pre-
oxidized 316Ti specimen after 5000 h of exposure in liquid Pb at 700 °C
(see Fig. S2c for an image with lower magnification). The sample shows
two regions. On the left, the oxide formed during pre-oxidation is still
present. Liquid Pb infiltrates the porous structure of the oxide layer, but
no Ni depletion is observed in the bulk below. In the right part of
Fig. 10a (see red arrow), liquid Pb adheres directly to the bulk, sug-
gesting that the oxide layer has locally delaminated during exposure. An
inward-growing oxide is visible throughout the entire sample to a depth
of up to 130 um, which is greater than the oxide depth observed in the
initial, pre-oxidized state (50 um, see Fig. S2a). The EDS elemental
mapping in Fig. 10b indicates that Cr is selectively oxidized both in the
area covered by the pre-formed oxide and in the area where the pre-
formed oxide is detached, with Cr depletion observed in the space be-
tween the Cr-rich oxide. Despite the local detachment of the pre-formed
oxide layer, no liquid Pb is found in the bulk beneath the detached re-
gion. This indicates that the inward-growing oxide is able to prevent the
penetration of liquid Pb. However, depletion of Ni due to dissolution is
observed in this region, which leads — in combination with the Cr
depletion due to oxide formation — to ferritization, as confirmed by the
EBSD phase mapping result in Fig. 10c.

3.3. Aluminized 316Ti

Fig. 11 presents the cross-sectional analysis of the aluminized 316Ti
exposed to liquid Pb at 600 °C for 2000 h (similar behavior is observed
after 1000 h, see Fig. S3b and c). No corrosion attack can be detected
either in the coating layer or in the substrate. A ~400 nm thin oxide
layer rich in Al is found on the coating layer after the exposure, as shown
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in Fig 11al. The EDS line scan in Fig. 11b reveals a slight decrease in
aluminum content to 48 at% in the outer layer compared with the outer
layer prior to Pb exposure (Fig. 3), along with a minor relative increase
in Fe and Cr concentrations. The decrease in Al concentration of the
outer layer is attributed to the formation and growth the oxide scale and,
to a higher extent, to diffusion towards the bulk, leading to a significant
increase of aluminum content in the interdiffusion zone. Dissolution of
Al into the liquid Pb is inhibited by the thin oxide layer grown on the
surface of the coating. Compared to the as-aluminized condition (see
Fig. 3), despite the slight Al-depletion, the microstructure of the DZ
remains almost unchanged. Unlike the DZ, the microstructure of the IDZ
shows significant differences compared to the as-aluminized condition.
Within the IDZ, Mo-Si-rich carbides (y-phase) are formed along the grain
boundaries of the ferritic matrix, as can be seen in Fig. 11a2 and in the
elemental mapping in Fig. 11c. Coarse Cr-Mo-rich phases (c-phase) are
present along the interface between IDZ and substrate, where a transi-
tion zone (TZ) due to Al inward diffusion into the substrate is observed
(see Fig. 11a2). The observed precipitation of both the y-phase along the
grain boundaries and the o-phase at the transition to the bulk

corresponds to a typical microstructural evolution of diffusion alumi-
nide coatings for prolonged exposure at elevated temperature [44],
irrespective of the corrosion processes at the surface.

Fig. 12a presents the aluminized 316Ti specimen exposed in liquid
Pb at a higher temperature of 700 °C for 2000 h, along with its EDS
elemental mapping in Fig. 12b. An image with lower magnification is
shown in Fig. S3e. After 1000 h (Fig. S3d) and 2000 h of exposure, the
aluminized sample suffers from severe liquid Pb penetration, reaching a
depth of 130 pm after 1000 h and up to 180 um after 2000 h exposure.
This corrosion depth exceeds the total thickness of both the coating and
the original IDZ, which was approximately 90 um. The elemental map-
pings in Fig. 12b also reveal depletion of Ni and Al in the area sur-
rounding the penetrated lead, hinting at a high level of dissolution of
these elements into the liquid Pb. Additionally, the formation of a rather
thick transition zone at the interface between IDZ and steel due to Al
inward diffusion with a depth > 100 um is observed, accompanied with
the formation of NiAl and Cr-Mo-rich precipitates.
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3.4. Aluminized 316Ti pre-oxidized

Fig. 13 shows the cross-sectional analysis of the aluminized 316Ti
pre-oxidized after 5000 h exposure in liquid Pb at 600 °C (corresponding
low-magnification image in Fig. S4b). No liquid Pb is detected in either
the coating or the substrate. An oxide double layer is clearly visible, as
depicted in Fig. 13al: an outer needle-like Fe-Al spinel and an inner
a-Al,O3 layer. Based on the XRD results presented in Fig. 14, the Fe-Al-
rich oxide layer is identified as hercynite FeAlpO4. The presence of
FeAl;04 spinel on top of the alumina indicates that the alumina layer
formed during the pre-oxidation process is not dense enough to
completely prevent the outward diffusion of Fe. This is in contrast to
alumina layers typically formed on the surface of Al-containing alloys
during liquid Pb exposure at reduced temperature and oxygen activity
(see, e.g., AFA steels, Kanthal, or aluminized 316Ti exposed at 600 °C in
this study), which grow very slowly and form dense layers that
completely prevent the outward diffusion of Fe. Despite its considerable
total thickness of 8-10 um, the Al-rich oxide layer observed here still
adheres well to the aluminide layer. According to the EDS line scan in
Fig. 13b, the Al concentration in the outer layer decreased slightly from
26 at% to 24 at%. Despite the reduced Al content, the outer layer re-
mains homogeneous in microstructure throughout the entire sample,
similar to the as-prepared sample at the location shown in Fig. 4b; no
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decomposition into an Al-reduced ferritic matrix and dispersed NiAl
precipitates is observed as shown in Fig. 4d. Additionally, Mo-Si-rich
carbides (y-phase) formed within the ferritic matrix of the IDZ and a
rather thin transition zone to the bulk material developed. A similar
microstructural evolution of IDZ and transition zone was observed in the
aluminized 316Ti specimen without pre-oxidation exposed at 600 °C for
2000 h, see Fig. 11.

As shown in Fig. 15al, at an elevated exposure temperature of 700
°C, the oxide double layer comprising the FeAl,O4 spinel and the un-
derlying a-AloO3 layer grown on the coating is considerably thicker
(10-13 um in total) than the oxide layer at 600 °C. The oxide double
layer exhibits local delamination and cracks. Nevertheless, no signs of
liquid Pb penetration are observed (see Fig. 15a and Fig. S4c). Oxides are
also found within the cracks and voids, and simultaneously, NiAl phase
is observed to develop both within and around the cracks. The Kirken-
dall voids between the outer layer and the IDZ are larger than those
observed during exposure at 600 °C. The microstructure of the outer
layer is uniform across the sample. It consists of an Fe-Cr-Ni-Al matrix
with ferritic structure (based on the XRD results in Fig. 14 and the EDS
line scan results in Fig. 15b) and finely dispersed NiAl precipitates. The
EDS line scan in Fig. 15b shows a depletion of the Al concentration to
~10 at% within the matrix, while the Fe concentration increases
significantly to 70 at% and the Cr concentration exceeds 15 at%. This
composition suggests a ferritic microstructure. Between the outer layer
and the IDZ, a region with Ni- and Al-enrichment and Cr-depletion to
0.9 at% is present (see line scan in Fig. 15b and elemental mapping in
Fig. 15¢), which may correspond to B2-NiAl. Within the IDZ, Mo-Si-rich
carbides (y-phase) are formed at the inner ferritic grain boundaries. A
55 pm thick transition zone is observed below the IDZ, attributed to
inward diffusion of Al into the substrate. Additionally, elongated NiAl
precipitates are found in the transition region, along with the presence
of a Cr-Mo-rich phase at the grain boundaries.

4. Discussion

The compatibility of austenitic stainless steel 316Ti with liquid Pb
containing 2 x 1077 wt% dissolved oxygen was investigated at two
different temperatures, 600 °C and 700 °C. Thereby, the corrosion
behavior of 316Ti without pre-treatment was compared with the
behavior after three different pre-treatments: pre-oxidation, aluminizing
by pack cementation, and aluminizing combined with pre-oxidation.
Table 3 summarizes the corrosion test results qualitatively.
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Fig. 15. Aluminized 316Ti pre-oxidized after 5000 h exposure in liquid Pb at 700 °C. a) Cross-sectional BSE image, b) EDS elemental line scan result (see green line
in Fig a), ¢) EDS elemental distribution mapping result of a. Detail al) enlarged section of oxide layer and the EDS line scan results across the oxide layer.
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Table 3

Final assessment of 316Ti with different pre-treatments after exposures in liquid Pb. “~” indicates very poor corrosion resistance,

tance, and “++” indicates excellent corrosion resistance.
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G e

indicates poor corrosion resis-

600 °C 700 °C
Material

1000 h 2000 h 5000 h 1000 h 2000 h 5000 h
Untreated 316Ti - - - - - -
316Ti pre-oxidized ++ -
Aluminized 316Ti ++ 44 - _
Aluminized 316Ti pre-oxidized ++ S+

Without any surface pre-treatment, 316Ti suffers from corrosion
attack at both temperatures. At 600 °C, selective dissolution and Pb
penetration reach a depth of 80 um after 5000 h (“-" in Table 3). A
slightly better corrosion resistance (“-*) is obtained at the higher tem-
perature of 700 °C. Thanks to the growth of a Cr-rich oxide at the sample
surface in the initial stage of exposure, see also Ref. [11], the dissolution
depth after 5000 h is reduced to 30 um and no Pb penetration is
observed. Evidently, the higher exposure temperature facilitates the
outward transport of chromium and promotes the formation of a more
protective Cr-rich scale compared to 600°C (compare Fig. 6 and Fig. 8).
However, since further oxidation is not observed after the loss of the
initial oxide (most probably due to the reduced Cr content in the sub-
surface region), a more severe corrosion attack with Pb penetration is
expected also at 700 °C for prolonged exposure times.

Pre-oxidation in air (4 h at 1000 °C) considerably improves the
corrosion resistance of 316Ti in liquid Pb, at least at 600 °C. The Cr-rich
oxide grown during pre-oxidation, locally up to 50 um deep, successfully
protects the steel from dissolution corrosion (see Fig. 9). Although Pb is
found in the pre-formed oxide, it does not reach the bulk material yet
after 5000 h. The oxide formed during pre-oxidation does neither
deteriorate visibly nor grow further during Pb exposure at 600 °C (“++"
in Table 3). However, the Pb that penetrated into the pre-formed oxide
bears the risk of dissolution corrosion for prolonged exposure. At 700 °C
in liquid Pb, the pre-formed oxide further grows inward by selective
oxidation of Cr and reaches a depth of 130 um after 5000 h (Fig. 10).
Although it still protects the steel from Pb penetration, local losses of the
pre-formed Cr-rich oxide scale lead to selective dissolution of Ni and
ferritization (“-*). To improve the corrosion resistance of pre-oxidized
316Ti in liquid Pb, an amended pre-oxidation treatment at a lower
temperature (e.g., 800 °C [45]) or a gas atmosphere with reduced oxy-
gen activity is recommended. This could help to form more dense and
stable oxides (higher Cr content, no Ni) and to achieve a more homo-
geneous oxide scale thickness.

Although Cr-based oxides are preferred among the oxides of steel
alloying elements for the high temperature oxidation/corrosion pro-
tection in liquid Pb and Pb alloys, they grow rather quickly at elevated
temperature and can become permeable and/or porous, which de-
teriorates their protective properties. Therefore, Al-based oxides are
favored. Their formation can be promoted by aluminizing the surface of
316Ti. In this study, aluminized 316Ti indeed shows the growth of an Al-
rich oxide scale when exposed to liquid Pb with 2 x 10~ wt% oxygen at
600 °C (see Fig. 11). The oxide phase could not be resolved with the
utilized characterization techniques (TEM would be required) but is
believed to be a transient alumina phase such as y- or 0-Al;03 [46]. The
slowly growing oxide scale remains well below 1 ym after 2000 h and
protects the material from corrosion attack, which indicates a dense,
impermeable layer (“++" in Table 3). The excellent corrosion resistance
of aluminized 316Ti at 600 °C is not at all reproduced at 700 °C. At the
higher temperature, a strong corrosion attack with dissolution of steel
alloying elements and Pb penetration to a depth of 180 yum after 2000 h
is observed, see Fig. 12 (“~"). Responsible is the increased solubility of Al
and steel alloying elements in Pb and enhanced dissolution kinetics at
the higher temperature, which evidently predominate the also enhanced
oxidation kinetics. Formation of an alumina layer even at 700 °C could

10

probably be achieved by a higher amount of oxygen dissolved in the
liquid Pb. Alternatively, an initial protection of the aluminide coating
against dissolution at 700 °C can be provided by pre-oxidation of the
aluminized 316Ti.

Aluminized 316Ti shows a 3-9 um thick alumina scale with some
internal cracks after 4 h of pre-oxidation in air at 1000 °C (see Fig. 4).
Since thick alumina scales bear the risk of spallation, pre-oxidation with
shorter duration is recommended. The high temperature is required to
induce growth of stable a-alumina. Exposure of aluminized and pre-
oxidized 316Ti to Pb at 600 °C leads to the formation of an additional
needle-shaped Fe-Al spinel on top of the pre-formed alumina (Fig. 13).
The total oxide scale thickness slightly increases to 8-10 ym after
5000 h. Despite the rather large thickness, the Al-rich oxide scale re-
mains protective against corrosion attack. Neither dissolution nor Pb
penetration are observed (“++” in Table 3). Although pre-oxidation of
aluminized 316Ti has no benefit for the corrosion resistance at 600 °C, it
does also not deteriorate the protection against corrosion. In case of
oxide scale spallation after a longer exposure duration, re-healing of an
Al-rich oxide scale is likely (as observed in the exposure without pre-
oxidation).

At 700 °C, the condition at which the aluminized 316Ti without pre-
oxidation experienced strong dissolution and Pb penetration (Fig. 12),
pre-oxidation of the aluminized 316Ti greatly improves the corrosion
resistance (see Fig. 15). The Fe-Al spinel that grows on the pre-formed
alumina scale during Pb exposure at 700 °C is thicker than the spinel
grown at 600 °C. A total oxide layer thickness of 10-13 um is obtained
after 5000 h. Although the oxide scale develops cracks due to its higher
thickness at 700 °C, it still protects the material from dissolution and Pb
penetration after 5000 h (“++7). This suggests that a thin protective
oxide layer remains on the surface even in locations with delamination.
Another possibility is that cracks and spallation occurred very late in the
exposure test or when cooling down from the exposure temperature.
Because of the high solubilities in Pb and enhanced dissolution kinetics
at 700 °C as mentioned above, long-term corrosion tests are required to
confirm the excellent corrosion resistance even in case of oxide scale
spallation during exposure.

Regarding the expected long-term corrosion resistance and the me-
chanical integrity and strength of the aluminide coating, the evolution of
the pack cementation coating itself is of great interest. At elevated
temperature, diffusion of Al and steel alloying elements takes place,
driven, on the one hand, by the differences in composition between
coating and steel and, on the other hand, by surface processes and the
contact with the adjacent environment. This applies to both the pre-
oxidation step (4 h at 1000 °C) and the exposures to liquid Pb at 600
and 700 °C, respectively.

During pre-oxidation, the Al content of the outer layer significantly
decreases from ~52 at% to ~26 at% and Kirkendall voids appear, while
its thickness remains rather constant at ~40 um. A decrease in Al con-
tent also occurs during Pb exposure at 600 °C, though at a much slower
pace (2—-4 at% reduction in 2000-5000 h) thanks to the lower oxidation
rate at the lower temperature and the incorporation of Fe in the mixed
Fe-Al spinel. This applies to both pre-oxidized and as-prepared alumi-
nide coatings. Once the Al content drops below a certain value, the
originally homogenous B2-type microstructure of the outer layer
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decomposes into a ferritic matrix with further reduced Al content and
NiAl precipitates. This is observed, for instance, for the pre-oxidized
sample after 5000 h in liquid Pb at 700 °C. Here, only ~10 at% Al re-
mains in the matrix of the outer layer, and its thickness is reduced to
35 um. For prolonged exposure at elevated temperature, it is expected
that the Al content of the outer layer further declines due to continued
oxide formation and diffusion towards the bulk. Once the Al content of
the matrix drops below a certain level, the NiAl precipitates are expected
to act as reservoir and provide Al for the formation and potential re-
healing of the oxide scale.

The interdiffusion zone strongly increases in thickness from ~55 ym
to ~110 um during pre-oxidation at 1000 °C, caused by Al diffusion
towards the bulk. This effect could be reduced by a shorter pre-oxidation
step. The microstructure of the IDZ remains rather unchanged, also at
the transition to the bulk. In contrast, no change in IDZ thickness is
observed during Pb exposure at 600 or 700 °C, but microstructural
changes and formation of ferritic phases (Mo-Si-rich carbides, coarse Cr-
Mo-rich precipitates, elongated NiAl) occur due to the much longer
timescale of 1000-5000 h. The embrittlement of the alloy surface due to
the presence of Al-rich intermetallic phases can reduce the creep
strength [47]. To counter-act this, a tradeoff between the negative in-
fluence of the coating on the mechanical behavior of the component and
the positive influence of it on the corrosion resistance in liquid Pb needs
to be found in future studies by controlling the coating phases and its
thickness by optimizing the pack cementation process.

5. Conclusion

Austenitic stainless steel 316Ti shows selective dissolution and Pb
penetration to a depth of 80 um after 5000 hours exposure at 600 °C to
liquid Pb containing 2 x 10~/ wt% dissolved oxygen. A slightly
improved corrosion resistance is obtained at 700 °C thanks to formation
of a Cr-rich oxide scale in the initial stage. For prolonged Pb exposure,
however, the oxide scale disappears and the steel 316Ti suffers from
dissolution corrosion also at 700 °C. Therefore, the effectiveness of three
different pre-treatments in improving the corrosion resistance of 316Ti
in liquid Pb at 600-700 °C was investigated in corresponding exposure
tests with duration up to 5000 h.

e Pre-oxidation of 316Ti in air at 1000 °C for 4 h caused the growth of
an oxide layer containing Cry03 and mixed Fe, Cr, and Ni oxides. This
oxide scale proved protective when the pre-oxidized 316Ti was
exposed to liquid Pb at 600 °C. At 700 °C, however, the oxide further
grew inwards and lost its protective properties against selective
dissolution of steel alloying elements.

e Aluminizing of 316Ti by pack cementation resulted in the formation
of an FeAl intermetallic phase at the sample surface. Like pre-
oxidation, also aluminizing successfully improved the corrosion
resistance of 316Ti at 600 °C only. A thin Al-rich oxide scale grew on
the surface of the aluminized 316Ti and protected the steel against
dissolution. At 700 °C, strong dissolution and Pb penetration
occurred to a depth of 180 um after 2000 h exposure.

Pre-oxidation of previously aluminized 316Ti resulted in formation

of an a-AlpO3 scale on the sample surface. The Al-oxide scale suc-

cessfully protected the steel from corrosion attack in liquid Pb at both

600 °C and 700 °C. The very slow growth of an additional Fe-Al

spinel on the sample surface promises excellent corrosion protec-

tion even for prolonged exposure.

From the presented results, application of a combined pre-treatment
comprising aluminizing by pack cementation and subsequent pre-
oxidation provides the best corrosion protection of the austenitic steel
316Ti when exposed at 600-700 °C to liquid Pb containing 2 x 10~7 wt
% dissolved oxygen. This conclusion holds even though the pack
cementation and pre-oxidation processes themselves were not optimized
yet. Future work needs to include this parameter optimization for both

Corrosion Science 251 (2025) 112896

processes and to investigate their effectiveness on other substrates.
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