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The current development with respect to modifying the ECX (electrochemical X-deposition) process towards
thicker alumina formed by heat treatment of aluminium electroplated on steel is described. As anticipated,
changing the heat treatment atmosphere from argon to air or prolonging holding at high temperature (980 °C)
increases the amount of alumina, but exposure to liquid lithium-lead eutectic reveals weak spots present in the
alumina layers. The thickness of alumina produced is in the range of 1-2 um for holding at 980 °C in air for 0.5-2

1. Introduction

As there is no abundant natural source of the hydrogen isotope
tritium (fH or T), harvesting energy from thermonuclear fusion with
deuterium (?H or D) necessarily requires tritium production. In
magnetic-confinement fusion [1], the tritium production is accom-
plished right in the reactor, via the interaction of neutrons released in-
side the reaction chamber and lithium, especially §Li, provided in the
associated (tritium-) breeding blanket. However, hydrogen isotopes are
small and, therefore, tend to penetrate or permeate through structural
materials, notably steel, which must be avoided as much as possible, not
only because tritium is a generally hazardous substance to be kept
enclosed inside the reactor but also in order to gather this isotope in
amounts sufficient to continuously run the fusion reaction. Hence, a kind
of tritium-permeation barrier (TPB) is required especially on the com-
ponents of the breeding blanket, so that the best part of tritium produced
arrives at the reactor unit for controlled tritium extraction. Such barrier
is to be applied on the side of tritium breeding (tritium source), as plain
accumulation in the structural material of the radioactive and, for the
fusion process, precious isotope is already unwanted.

An appropriate TPB material typically excels in low solubility and
diffusivity of hydrogen isotopes. High retention of the latter at the
interface with the substrate (structural material) may compensate for
some weakness in the other two properties. Because of the importance of
hydrogen isotope permeation for thermonuclear fusion as well as for
other processes of high technological and industrial interest, a number
of materials have been characterised in respect of their potential as TPB
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[2-6], pointing to certain oxides, nitrides and carbides as well as some
metals, e.g., tungsten (W). Further requirements such as the tolerance of
unprecedented neutron irradiation at a minimum of neutron absorption
(activation of the TPB, neutronic balance of the blanket), chemical
resistance against the breeding material/atmosphere or thermo-
mechanical compatibility with the substrate material follow from the
service situation in the breeding blanket. It should be noted that espe-
cially the irradiation load significantly decreases with increasing dis-
tance from the reaction chamber and is likely to be negligible in the
tritium extraction and removal sub-system (TER) of the fusion reactor
[7]. Bi- or multi-layer approaches may solve issues relating to chemical
[8,9] or thermo-mechanical [10] incompatibility. Finally, an appro-
priate deposition process for producing a defect-free coating on the
components of given geometry and size must exist.

The current TPB development in the framework of the EUROfusion
programme focuses on alumina (Aly03), especially for breeding blankets
in which the wanted tritium will be produced with the aid of an eutectic
lithium (Li)-lead (Pb) alloy [11]. Alumina may exist in a number of
crystallographic modifications, of which corundum or o-Al;O3 is the
ultimately stable one [12,13]. The latter is considered having properties
most favourable for service as TPB. A weak spot regarding application to
the breeding blanket of o —Al;O3 is its hexagonal crystal structure,
which, under the intense neutron irradiation in the blanket and espe-
cially for polycrystalline and equiaxed o —Al5Os3, gives rise to anisotropic
swelling and subsequent damage [14]. Furthermore, alumina generally
tends to absorb Li and form the corresponding ternary oxide, most
notably for Li present in eutectic Li-Pb, against which the binary oxide is
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thermodynamically unstable under any condition relevant to breeding
tritium [15]. The major concern about Li uptake is the subsequent
interaction with neutrons, formation of tritium and helium as well as
associated caloric effects, locally inside the TPB rather than the antici-
pated change in permeability or general thermo-mechanical compati-
bility with the substrate material. As for tolerance of neutron irradiation,
which is typically higher for cubic crystal structure [14], metastable
y-Al;O3 or (initially) amorphous alumina may be more appropriate.
Amorphous Al;O3 shows promising performance under ion irradiation
[16], which probably persists as long as associated crystallisation and
grain growth occur only in the nm range. It could also be argued that a
polycrystalline material with preferential crystallographic orientation
will generally suffer less from the effects of anisotropic swelling. In the
spirit of what is mentioned above, any harmful effect of neutron irra-
diation on proper function of alumina as a TPB, without or after Li up-
take, is irrelevant to application to the TER.

At the Karlsruhe Institute of Technology (KIT), the ECX process is
being developed to provide steels, notably reduced-activation EURO-
FER, with a thin alumina layer on top of an aluminium-diffusion coating
[17-20]. The eponymous, first process step is electroplating (electro-
chemical X deposition) aluminium onto the steel surface, followed by a
heat treatment that is geared to the standard heat treatment of ferritic/
martensitic EUROFER. The oxygen required for alumina formation
stems from the heat-treatment atmosphere, which, for the ECX process,
typically is flowing technical argon. The produced coatings show no
signs of corrosion attack caused by flowing eutectic Li-Pb (550 °C, 0.1
m/s), still after exposure for 10,000 h [17], which strongly indicates that
an alumina surface layer is present rather than oxides of iron or chro-
mium (constituent elements of the substrate steel) have formed. How-
ever, this surface layer is thin, clearly < 1 pm, so that the capability of
the coating with respect to reducing hydrogen permeation is quite
limited. This has motivated the work described in the following, tar-
geting at raising thicker alumina during the heat treatment of electro-
plated EUROFER. Examples of thermally grown alumina with thickness
of a few um have been reported, e.g., for heat treatments in air at
1000 °C [21] or 20-30 ppm (by volume) oxygen in argon at 700 °C (y
_AL,O3 [22]).

2. Experimental

The substrate on which ECX coatings with variation of the heat
treatment are produced is ferritic/martensitic steel EUROFER 97 [23]
with nominally 9 % (by mass) chromium, in the form of either @#35 x 1
mm discs or @8 x 24 mm cylinders for later tests on performance with
respect to hydrogen-isotope permeation and compatibility with liquid
eutectic Li-Pb, respectively. In their original configuration, the discs
have a flat extension for holding this samples during electroplating and
heat treatment, which is afterwards cut off, and a piece of which (~5 x
3 x 1 mm) prepared for examination in the scanning electron micro-
scope (SEM). On each one coated disc with different heat treatment (see
below), X-ray diffraction spectroscopy (XRD) is performed, whereas an
additionally electroplated piece of thin EUROFER sheet is examined
with grazing-incidence XRD (3°) before and after each of the three stages
of the standard heat treatment in argon.

Electroplating of aluminium as performed as the first step in the ECX
process is illustrated in Fig. 1. In contrast to earlier reports [17-20], the
operating temperature and average current density are chosen 110 °C
and 15 mA per cm? of substrate surface, respectively, and mechanical
activation of the substrate surface abandoned in favour of chemical
activation with inorganic acids (50 °C, 5-10 min). Each sample is plated
for about 15 min in pulsed-current mode, corresponding to a theoretical
thickness of deposited aluminium of 5 ym. During aluminium deposi-
tion, the discs are masked on one side and not being moved in the static
liquid electrolyte, whereas the cylinders rotate at low speed. The voltage
between reference electrode and sample decreases from about —0.1 to
~0.6 V for zero and peak current density (30 mA/cm?), respectively.
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Fig. 1. Schematic illustration of electroplating of aluminium as performed as
the first step in the ECX process.

The different three-stage heat treatments tried to increase the
thickness of the alumina top layer on the ECX coating are listed in
Table 1, along with the parameters of the standard treatment. The first
stage at 640 °C (4 h, Ar flow) serves for interdiffusion of aluminium and
steel elements below the aluminium melting point [24], and remains
unaltered. Same for the temperature during the subsequent stages, i.e.,
980 °C and 760 °C, respectively, which correspond to the standard heat
treatment of EUROFER, in order to maintain or restore appropriate
thermo-mechanical properties in the steel volume. Modifications are
currently confined to the heat-treatment atmosphere (air instead of
argon) during the second and third stage and holding time at 980 °C. The
latter shall provide more time for nucleation and growth of alumina,
which is likely to occur primarily after the formation of faster growing
oxides of the constituent parts of the steel elements such as iron and
chromium [25], which may reach the coating surface during the first
stage of the heat treatments. The higher oxygen content in air in com-
parison to technical argon generally promotes the growth of oxides,
however, unselectively with regard to the type of oxide.

3. Results and discussion

Fig. 2 shows cross sections of the produced aluminium-diffusion
coatings as appearing in the SEM at medium magnification. For the
standard heat treatment in argon, an oxide layer on top of the coating is
hardly visible (Fig. 2a), whereas changing the atmosphere during the
second (980 °C) and third stage (760 °C) from flowing argon to static air
results in 1-2 um of surface oxide (Fig. 2b-d). Energy-dispersive X-ray
spectroscopy (EDS), which comply qualitatively with element concen-
tration profiles published earlier [20], discloses clearly aluminium-rich
oxide for the three different times of holding at 980 °C in air, besides
about 40 and 70 ym aluminium penetration into the substrate steel,
counted from the coating surface, for 0.5 and 2 h holding at 980 °C,
respectively. Especially for 2 h at 980 °C, the oxide locally protrudes into

Table 1

Parameters of three-stage heat treatments of aluminium deposited on EUROFER
substrate at 640, 980 and 760 °C, respectively: Time, atmosphere, cooling (C1:
in cold furnace section, Ar stream; C2: air cooling outside furnace).

Temperature (°C)

640 980 760
Standard 4 h,Ar, C1 0.5 h,Ar, C1 1.5 h,Ar, C1
Mod. 1 4h, 0.5h, 1.5h,

Ar, C1 air, C2 air, C2
Mod. 2 4h, 1h, 1.5h,

Ar, C1 air, C2 air, C2
Mod. 3 4h, 2h, 1.5h,

Ar, C1 air, C2 air, C2
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Fig. 2. Surface oxide as revealed by SEM on cross sections of ECX-coated
EUROFER with (a) standard heat treatment in argon and (b-d) modified
heat treatment.

the underlying material and interlocks the surface layer with the
metallic portion of the coating (Fig. 2d), which is considered beneficial
to oxide adherence [26].

Grazing-incidence XRD performed before and after each of the three
stages of the standard heat treatment in argon identifies the evolution of
the phases present in the near-surface part of the ECX coating. After
electroplating (Fig. 3a), this clearly is aluminium, changing into inter-
metallic FepAls by interdiffusion of aluminium and the elements in the
substrate steel during the first stage of the heat treatment (Fig. 3b). At
980 °C (0.5 h), Fe,Als dissolves to the benefit of an iron-aluminium solid
solution (Fig. 3c), or an ordered solid solution such as Fe3zAl, which may
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Fig. 3. Primary phases identified with the aid of grazing-incidence (3°) XRD on

ECX coated EUROFER after (a) electroplating; (b) 4 h at 640 °C, argon; (c) 0.5h
at 980 °C, argon; and (d) another 1.5 h at 760 °C in argon.
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be neither confirmed nor excluded by the XRD analysis alone. During the
tempering stage (760 °C, 1.5 h), there seems to be no major phase
transition in the near-surface portion of the coating anymore (Fig. 3d).
Fig. 3d also corroborates that any surface oxide formed during the
standard heat treatment in argon is too thin to be assessed by XRD. This
clearly changes with performing the second and third stage in air
(Fig. 4). The primarily formed oxide is likely to be o —~Al;03, along with
some iron or chromium oxide. In XRD spectra recorded after the
modified heat treatments, the intensity of peaks associated to o —Al»O3
gradually increases with increasing time of holding at 980 °C, indicating
increasing amount or thickness of this oxide. For evaluation of the
recorded XRD spectra, inter alia, the following reference patterns were
consulted: aluminium [27], FepAls [28], ferrite (« —Fe) [29], FesAl [30],
o —A1203 [31], o —F6203 [32], o —CI‘203 [33].

As an alumina layer should not be affected by liquid eutectic Li-Pb
beyond some uptake of lithium (whereby integrity of the layer is not lost
in the sense that corrosion of underlying material occurs [21,34]),
exposure to the liquid metal primarily is a benchmark for the quality in
terms of continuity and absence of remarkable defects. Such exposure of
the four ECX coatings with different heat treatment (Table 1) for 3000 h
to Li-Pb at 550 °C in the PICOLO loop, however, under low-flow to
stagnant conditions, largely reveals a protective coating as exemplified
in Fig. 5a. Weak spots occur at frequencies that, according to qualitative
evaluation of each one cross section in the light-optical and scanning
electron microscope, are lower after heat treatments performed in air, in
comparison to the standard treatment in argon, and decrease with
increasing time of holding at 980 °C in air. Especially for the heat
treatments partly performed in air, imperfect performance of the oxide
layer has led to accumulation of the liquid metal underneath the oxide,
and associated degradation is confined to the coating rather than
reaching the substrate steel. Where the surface oxide failed and corro-
sion of the underlying metal occurred, remnants of convoluted alumina
are conserved in solidified Li-Pb, which correspond to the wrinkled
oxide found in locations exemplified in Fig. 5b. The latter exhibit a
relatively non-uniform and ragged surface of the metallic portion of the
coating, suggesting local melt formation during the heat treatment.
Partial melting of the deposited aluminium may come about during the
second stage of the heat treatments at 980 °C, if transformation into
aluminides during the first stage at 640 °C, below the melting point of
aluminium, was incomplete.

Besides the surface layer, Fig. 5a highlights the two portions of the
metallic part of the (diffusion) coating: The one next to the oxide layer is
characterised by approximately constant aluminium concentration
(possibly FesAl; Fig. 3), followed by an aluminium-diffusion zone. The
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Fig. 4. XRD spectrum and attribution of observed peaks for ECX coating with
modified heat treatment, namely 2 h at 980 °C in air.
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Fig. 5. Electron-optical micrograph of ECX coating with heat treatment Mod. 2
(Table 1) after exposure for 3000 h to eutectic Li-Pb: (a) Oxide layer apparently
persistent where the surface of the metallic portion of the coating is relatively
smooth, and (b) wrinkled and convoluted oxide on rather non-uniform, ragged
metal surface.

penetration depth of aluminium after 3000 h at 550 °C is around 50 pm,
irrespective of the heat treatment during production of the coating.
Some inconsistencies with penetration depth as observed on the flat
substrate (1 mm) immediately after the heat treatments (see above) may
tentatively be explained with the thicker substrate (38 mm) used to
produce the samples for exposure to Li-Pb. Just as for coatings before
exposure to Li-Pb, EDS element concentration profiles correspond to
what has been published earlier [17,19]. Bright spots in the substrate
and metallic part of the coating (Fig. 5) hint at precipitates enriched in
heavy metals such as tantalum or tungsten, appearing to be somewhat
larger here than described for as-delivered EUROFER steel [35].

4. Conclusions

Though changing the heat-treatment atmosphere from argon to air
has the anticipated effect with respect to the amount of alumina formed,
the preliminary results from exposure to Li-Pb indicate some local de-
fects being present in the oxide for all heat treatments tested. At this
stage, these defects are suspected in the convoluted oxide layers that
form where the surface of the metallic portion of the diffusion coatings is
rather non-uniform and ragged. Attributing the latter to partial melt
formation during the heat treatments, suggests prolonging the first stage
at 640 °C as a remedy. As for raising thicker alumina by performing the
subsequent stages of the heat treatment in air instead of argon, 0.5 h at
980 °C, which corresponds to the standard treatment of EUROFER,
suffices to produce 1-2 pm of the oxide, which is already in the same
range as after 2 h at this temperature in air. Meeting concerns that the o
—Al,O3 formed by heat treatments so far investigated for ECX coatings,
finally, seems to be applicable as a tritium-permeation barrier only to
the TER of the breeding blanket, heat treatments could be geared to
raising y —-AlyO3 [22], with presumably better performance under
neutron irradiation.
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