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A B S T R A C T

Atom probe tomography has been applied to study lithium-induced corrosion of Pulsed-Laser Deposition grown
Al2O3, which is a candidate coating material for breeder blankets for nuclear fusion reactors. Coated Eurofer97
specimens were immersed in static Pb-17Li for 7000 h with samples extracted from the regions near the ceramic-
substrate interface to determine the extent of Li penetration. Li-enriched regions, which are non-stoichiometric
with respect to any known equilibrium phases predicted by the Li-Al-O phase diagram at 823 K, are reported for
the first time in Al2O3. The nature and composition of the Li-enriched features were characterized with nano-
metre resolution. It was found that the Li content inside these features may increase to a maximum of 35 at%,
with the adjacent Al2O3 matrix containing approximately 5–10 at% Li. Based on these results, the corrosion
mechanism of amorphous Al2O3 is proposed to be Li substitution of Al atoms.

1. Introduction

Liquid lithium-lead eutectic (Pb-17Li) is a fundamental breeder
material in several blanket design concepts for the European DEMO
fusion reactor [1]. Its main role is to produce tritium fuel in-situ through
neutron reaction with lithium isotopes. This fuel is then extracted and
used to sustain the deuterium-tritium fusion reaction. Since pure Li
would react explosively if accidentally exposed to steam from the heat
extraction system, Pb is added to stabilize the highly reactive liquid Li as
a neutronmultiplier through the Pb(n,2 n) reaction [2]. Despite having a
lower Li concentration for breeding tritium, liquid Pb-17Li preserves the
excellent thermal conductivity and the immunity to radiation damage of
pure Li [2]. The reduced-activation ferritic/martensitic (RAFM) steel
Eurofer97 has been proposed as a candidate structural material for the
blanket itself [3]. However, direct contact between Eurofer97 and
Pb-17Li unavoidably entails corrosion damage to the steel.

The detailed corrosion sequence and mechanism of RAFM steels
exposed to Pb-17Li have been thoroughly explored in several previous
studies [4,5]. Heat treating RAFM steels forms a passivating oxide
consisting of MnCr2O4 on top of (Fe,Cr)2O3[4]. Initial corrosion rates are
inhomogeneous across the surface due to varying oxide composition and
thickness. Pb-17Li is able to completely dissolve the less stable spinel
while leaving a thin layer consisting of several nanometres of (Fe,Cr)2O3

intact after 6000 h [5]. After 3000 h of exposure to Pb-17Li, uniform
corrosion proceeds through dissolution of alloying elements without
intermetallic formation [4]. Fe and Cr are preferentially leached out of
the matrix, which leaves behind a porous layer enriched in less soluble
elements including W and V [4,6,7]. This process may eventually lead to
thinning and even perforation of components such as cooling tubes
embedded within the blanket. This is a serious safety concern as it has
potential to facilitate explosive reactions between the Li-containing
breeder and the water coolant.

In the past decade, barrier coatings such as pulsed-laser deposited
(PLD) Al2O3, were explored to mitigate corrosion damage and prevent
tritium permeation through the blanket [8]. Al2O3 was originally pro-
posed as the reference tritium permeation barrier by the European
Union [9], but later its anti-corrosion properties led to its adoption as a
candidate barrier coating material. PLD is a physical vapour deposition
technique that utilizes a laser plume to evaporate the target. The
resulting coating possesses an amorphous matrix with uniform disper-
sion of nanocrystals ranging between 2 and 5 nm [10]. Random align-
ments of these crystals have led to mechanical isotropy with metal-like
stiffness and no indication of delamination after scratch tests [10]. In
separate studies [6–8,11], it is also proposed to be able to fully prevent
liquid Pb and Pb-17Li from corrosively attacking steel substrates at
temperatures up to 823 K based on energy-dispersive X-ray spectroscopy
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(EDX) and secondary ion mass spectroscopy (SIMS) data, respectively.
However, while corrosion resistance is provided by the barrier

coating, studies have demonstrated that lithium penetration through the
coating is possible [6]. If unaccounted for, the accumulation of lithium
at the coating-metal interface may lead to phase changes like those seen
in Y2O3, namely the conversion of Y2O3 into LiYO2, and subsequent
coating delamination in service due to the associated volumetric
expansion [12]. Understanding the effect of lithium uptake on the
microstructure near the interface is therefore imperative for ensuring an
extended service life for breeder blanket components.

Compared to other candidate materials, such as Er2O3 and
Y2O3[12–14], Li corrosion of Al2O3 remains largely unexplored, and in
particular there is no published literature examining the mechanism by
which the Li is incorporated into the ceramic matrix in detail. Hence, its
effect on the resulting near-interface microstructure remains an open
question. Characterization of the thin, complex interface requires tech-
niques with nanometre spatial resolution and extremely high chemical
sensitivity. Atom probe tomography (APT) not only satisfies the above
requirements, but also has the ability to reliably detect lithium atoms,
something which is challenging for many electron microscopy
techniques.

In this study, APT has been used to study the spatial distribution of Li
in the PLD-Al2O3 ceramic near the Al2O3–Eurofer97 interface in samples
exposed to static Pb-17Li for 7000 h.

2. Materials

Eurofer97 samples in the form of cylinders were made at the Italian
National Agency for New Technologies, Energy and Sustainable Eco-
nomic Development (ENEA). The steel has gone through the standard
heat treatment described in [15] and has a nominal composition shown
in Table 1. Surface treatments, including polishing and argon plasma
cleaning, were performed before the application of the Al2O3 coating
using the PLD technique. Details on the PLD parameters and setup can be
found in [16]. The coating thickness was determined to be 3μm by
scanning electron microscopy (SEM). Fig. 1. shows a SEM image of the
cross-section near the ceramic-steel interface with the region of interest
and intended position of the APT samples highlighted. No signs of
interfacial delamination or micro-cracks were observed, suggesting the
coating was fully dense.

The rod-shaped samples were immersed in static Pb-17Li for 7000 h
at the ENEA Brasimone Research Centre. A test temperature of 823 K
was chosen to simulate service conditions of ITER first walls. Oxygen
content and contamination of the liquid metal were kept at a minimum.

The cross-sectioned sample surface was ground with 40μm and 9μm
diamond discs, followed by 3μm gold and 1μm alumina discs. The final
polishing was done with 0.05μm VelTex paper and 0.05μm colloidal
alumina/silica.

2.1. Atom Probe Tomography

Atom probe tomography measurements were performed using the
CAMECA Local Electrode Atom Probe (LEAP 5000 XR) with a 52 %
detector efficiency. The instrument is equipped with a 355 nm UV laser
and a reflectron that enhances mass resolution. The samples were run at
a laser pulse energy between 40 and 50pJ, a base temperature of 50 K, a
pulse frequency of 200 kHz and a detection rate (ions detected per laser
pulse) of 0.5 %.

Spatial reconstruction of 3D-atom maps was conducted with the
software APSuite v.6.3.1, using the standard algorithm based upon the

evolution of the applied voltage profile. Regions-of-interest (ROIs) were
isolated using a user-defined cylindrical volume. The mass spectra and
composition measured within these ROIs were then examined to reveal
any local compositional variations when compared to the bulk ceramic.

2.2. APT sample preparation

A Helios NanoLab 600i dual-beam SEM/Focused Ion Beam (FIB)
system was used for the preparation of APT samples from the coating-
metal interface. The specimen preparation in this work was based on
the standard FIB lift-out as described in Thompson et al.[18] However, a
Pt layer was not applied as the Al2O3 was sufficiently thick to protect the
interface from ion damage. Detailed stages of the lift-out and milling
process are shown in Fig. 2. The lamella was attached to a sample holder
containing Si flat top posts. The final annular milling step was conducted
with decreasing inner radius from 2.5μm to 120 nm, starting with an ion
accelerating voltage of 30 kV (9.3 nA current), decreasing to a final 2 kV
(190pA current) cleaning step to minimise beam damage and to reach
<100 nm from the Al2O3-steel interface.

A bright halo was observed near the ceramic-steel interface in Fig. 3.,
obtained by the Helios SEM/FIB in-lens detector during annular milling
for APT sample preparation. The nature of this interface layer remains
unclear, given that similar structures were not previously reported. It is
speculated that the brightness could come from electron charging effects
arising from the sudden change in electrical conductivity near the
interface. However, there is no clear evidence that the two phenomena
are directly related and thus no definitive conclusions can be drawn
from within the scope of this study.

2.3. Complementary microscopy

Complementary micro-scale characterization was performed on
metallographic samples. EDX and SEM imaging were performed using a
Carl Zeiss Merlin SEM at working distances between 5 and 10 mm, 2 nA
probe current and 5 kV accelerating voltage for better spatial resolution
and noise reduction. A windowless detector was chosen such that Li

Table 1
Composition of Eurofer97 in wt% [17].

Fe Cr Mn V Ta W C N Ni Nb Mo

Bal. 8.95 0.55 0.20 0.14 1.04 0.11 0.038 0.03 0.004 0.005

Fig. 1. Secondary electron SEM micrograph of Al2O3-coated Eurofer97, the
yellow box highlights the sample extraction region near the ceramic-metal
interface, the red needles within indicate the orientation of the APT samples
with respect to the ceramic-steel interface.
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atoms could be potentially detected. The results were analysed with
Oxford Instrument’s AZtec software.

3. Results and discussion

3.1. Microscale characterization

Prior to the experiments, it was hypothesized that most of the
inward-diffusing lithium was trapped within the Al2O3 coating. A SEM-
backscattered electron (BSE) image and the accompanying EDX maps of
the coating are presented in Fig. 4. There exists a faint contrast that is
more prominent near the central region of the coating. The contrast
likely originated from density variations within the coating, where
darker regions may have undergone a change in crystallinity. This im-
plies the coating is no longer fully amorphous after prolonged exposure
to Pb-17Li at temperature.

The composition of the coating determined using EDX is 40 at% Al
and 51 at% O, close to the theoretical O/Al ratio of 1.5 with the main
impurity being 9 at% C. The deviation of O from 60 at% is likely a result
of EDX underestimating light elements. Taking this into consideration,
the results demonstrate PLD was able to produce a coating close to the
target composition of Al2O3. The absence of any interfacial delamination
or large through-thickness cracks in the image also showed that the
coating remained macroscopically intact after 7000 h exposure to Pb-
17Li.

No Li was detected by EDX and it is speculated that the concentration
of Li in the X-ray interaction volume is probably too low for it to be

Fig. 2. FIB-based APT sample preparation. a)trenching; b)undercutting; c)lift-out; d)attachment to Si micro-tip e)isolation from bulk; f)annular milling.

Fig. 3. SEM-BSE image of an intermediate stage in the preparation for an
APT sample.
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detected. Works on Y2O3 and Er2O3 barrier coatings [12,14] make it
certain that Li is able to diffuse through ceramics, and its absence here is
attributed to limited chemical sensitivity of the instrument. The incor-
poration of Li into PLD-Al2O3 has been documented using SIMS previ-
ously [6], however, the authors did not report a quantitative
concentration allowing for direct comparison.

3.2. APT characterization of Al2O3 coating

Despite the difficulty in locating the precise ceramic-steel interface
using SEM/FIB, multiple APT specimens were extracted from the regions
approximately within 50 nm from the interface. The average composi-
tion of each specimen was extracted and is displayed in Fig. 5. Ceramic
samples tend to field evaporate with a high ratio of complex ions, and
these are decomposed by the APT analysis software into their constitu-
ent atomic species. The dotted horizontal lines in Fig. 5. mark the
theoretical compositions of Al and O. A deviation of Al and O from
stoichiometry is accompanied by a non-zero amount of Li detected in all
samples. This means corrosion attack, in some cases significant, has
occurred.

Contrary to the claim by Gasquez et al.[6] that the Pb-17Li compo-
sition remains eutectic as it moves through the coating, all four samples
only contained Li, Al and O atoms. Although the random atomic
arrangement makes diffusion pathways less certain, it is believed that Pb
diffusion remains difficult in amorphous Al2O3 due to its much larger
radius than both Al and O. The detection of Pb near the ceramic-steel
interface, as indicated by the author themselves, is more likely a result
of the liquid breeder penetrating through defects than by diffusion. Our
results are in line with those obtained by Petras et al.[11] where the

ingression of Pb atom is completely stopped by the coating.
The systematic loss of O signals in APT studies of oxides have been

attributed to be an artefact from data collection. One explanation is
through multiple-hit events, which occur when multiple ions are
simultaneously evaporated by one pulse [19]. The detector is then un-
able to spatially resolve the two if they arrive close in time and location.

Fig. 4. SEM-BSE image and EDX element maps of PLD-Al2O3 coating after immersion for 7000 h.

Fig. 5. Average composition of the analysed volume in four APT measurements
of the coatings (C1-C4).
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