

https://orcid.org/0000-0003-1279-3645
https://orcid.org/0000-0003-1279-3645
https://orcid.org/0009-0003-1612-178X
https://orcid.org/0009-0003-1612-178X
https://orcid.org/0009-0001-0770-6431
https://orcid.org/0009-0001-0770-6431
https://orcid.org/0000-0003-3926-8189
https://orcid.org/0000-0003-3926-8189
https://orcid.org/0000-0002-7389-9307
https://orcid.org/0000-0002-7389-9307
mailto:davide.vavassori@polimi.it
mailto:david.dellasega@polimi.it
www.sciencedirect.com/science/journal/23521791
https://www.elsevier.com/locate/nme
https://doi.org/10.1016/j.nme.2026.102116
https://doi.org/10.1016/j.nme.2026.102116
http://creativecommons.org/licenses/by/4.0/

D. Vavassori et al.

engineering constraints. Among these, a major concern common to both
liquid Li and Sn is their chemical compatibility with conventional
structural materials used in fusion devices (e.g., steels and copper alloys)
under the expected operating temperatures [19-26]. In particular, the
associated corrosion phenomena represent a serious issue that must be
carefully addressed. Focusing on liquid Sn corrosion, previous in-
vestigations have highlighted surface coating technology as a viable
strategy to mitigate interactions with liquid metals [27-29]. By intro-
ducing a properly designed protective coating, the surface properties of
structural materials can be tailored without affecting their bulk char-
acteristics. Such an approach proves particularly effective when depo-
sition techniques provide accurate control over key properties including
morphology, microstructure and adhesion [30-32]. In this way, coatings
can be precisely engineered to improve their stability under the extreme
operating regimes characterizing nuclear environments. Nonetheless,
several critical aspects related to the use of liquid metals in nuclear
fusion applications are still insufficiently explored and require further
assessment toward the realization of a valid corrosion barrier. From a
fundamental perspective, the interplay between coating chemical
composition and its morphology, microstructure or adhesion on pro-
tective performances deserves a more detailed and systematic investi-
gation, as demonstrated for liquid metals relevant to fission systems
[30,33]. Concwrently, practical and engineering-oriented factors also
demand attention. Parameters such as substrate roughness, adhesion at
the coatingsubstrate interface and coating thickness are expected to
strongly influence the reliability and operational lifetime of the pro-
tective layer in realistic fusion components [29,34]. Specifically, the
literature shows that achieving robust adhesion and resistance to
tangential stresses on soft and ductile Cu-based substrates requires
dedicated strategies, such as interlayers, compositional gradients or
multilayer architectures, to compensate for the limited mechanical
support of the substrate. This is particularly relevant for refractory
metallic or nitride coatings, emphasizing the importance of interfacial
engineering for reliable coating performance [35-32].

This work investigates coatings deposited via High Power Impulse
Magnetron Sputtering (HiPIMS) [39] as protective barriers for CuCrZr
structural alloy employed in the heat sinks of nuclear fusion devices. The
study follows a twofold approach, addressing both fundamental mate-
rials science aspects and practical engineering considerations. First,
building upon knowledge acquired in previous studies [27,40-42], the
protective capabilities of multilayered tungsten-based coatings were
evaluated through liquid Sn corrosion experiments using a static droplet
approach at 400 °C over a duration of 600 min. Specifically, coatings
consisting of layers with different compositions (tungsten-aluminium,
W-Al; tungsten-nitrogen, W-N; tungsten-chromium-titanium, W-Cr-Ti),
as well as coatings with varied multilayer architectures or morphologies,
were examined. In alla cases, a proper adhesion strategy was considered
to guarantee adequate adhesion to the Cu-based substrate. Second,
taking the W-Al system as reference, additional corrosion experiments
were conducted at 500 °C for 600 min to further assess the influence of
coating thickness and substrate roughness on protective performance.
The morphology, microstructure and composition of the coatings were
systematically characterized before and after exposure, while adhesion
was assessed only prior to corrosion testing. These experiments and
analyses provided a more comprehensive understanding of the scientific
mechanisms and technological constraints defining the performance
requirements of protective coatings. This represents a crucial step to-
ward a transition from proof-of-concept studies to implementation in
future liquid metal divertor systems.

Experimental methods
Coatings deposition

For experiments designed to investigate the relationship between
composition, morphology and microstructure, different W-based
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multilayer coatings were deposited using the system described in [43].
Specifically, multilayers containing W-Al, W-N or W-Cr-Ti films were
considered. Instead, for experiments focused on coating thickness and
substrate roughness, only multilayer W-Al coatings were considered. A
representative schematic of the experimental procedure is shown in
Fig. 1.

The vacuum chamber was equipped with three confocal cathodes,
each loaded with circular elemental sputtering targets (76 mm in
diameter, 6 mm in thickness). The targets were ignited using different
power supplies and working gases, selected according to the specific
coating to be deposited. In all cases, the deposition base pressure was
lower than 5-10* Pa. The coatings were grown on planar CuCrZr sub-
strates prepared from commercial-grade bulk material, with square or
rectangular shapes (10-25 mm in length and width) and thickness fixed
to approximately 2 mm. Substrates were ground with SiC papers of
different grit sizes and, when required, polished using a 3 pm diamond
suspension to achieve final average surface roughness (R,) levels of
approximately 1 pm, 0.5 pm and less than 0.1 pm. Only the finest finish
was used in the first set of experiments. Surface oxides and contaminants
were removed with metal-cleaning agents, followed by immersion in a
solution of anionic and non-ionic surfactants, rinsing with deionized
water and final cleaning with isopropanol. For morphology and struc-
ture analyses, coatings were also deposited on single-side polished 500
pm thick silicon (100) wafers cleaned with isopropanol. Additional de-
tails on the deposition strategies adopted for producing the multi-
elemental coatings are reported in the following paragraphs.

W-Al coatings

Two types of W-Al multilayer coatings were prepared: (i) samples
with a single W-Al layer (W-Al#3) and (ii) samples with three W-Al
layers (W-Al#7). In both cases, the first step of the process strategy
consisted in the deposition of a pure W film (=80-100 nm in thickness)
grown on CuCrZr substrates using a dual-channel SIPP2000 generator
(Melec GmbH, Germany) in HiPIMS regime, applying to the substrate
100 ps-long synchronized bias pulses (delay from the main HiPIMS pulse
onset At = 0 ps, amplitude Us = 800 V). Given the bias amplitude
applied, the energetic ion bombardment generated by the highly ionized
metallic flux typical of the HiPIMS plasma effectively activates and
cleans the substrate surface. Under these conditions, although the bias is
relatively high, the deposition rate remains higher than the resputtering
rate, enabling the formation of a thin pure W interlayer, which promotes
strong interfacial bonding and improved coating adhesion. The same
deposition strategy was employed for intermediate and top pure W
layers.

For W-Al#3 samples, W and Al cathodes were co-sputtered in
HiPIMS mode to form the W-Al layer, followed by a pure W top layer.
These coatings were employed in all corrosion experiments. The total
thickness was tuned to approximately 1 pm for the first set of tests.
Instead, specimens with a W-Al layer thickness of nearly 0.5, 1, 2 and 5
pm were produced to study the influence of coating thickness and sub-
strate roughness on protective performances.

W-Al#7 samples were fabricated only for the first experimental set.
Each W-Al layer was of the order of 200 nm in thickness. Between each
W-Al layer, a pure W interlayer was deposited and an additional pure W
layer was applied on top of the third W-Al layer, resulting in a total of
four pure W layers, including the initial bottom layer. The overall
thickness resulted of approximately 1 pm. For both pure W and W-Al
layers, depositions were carried out in high-purity Ar atmosphere
(99.999%), with the working pressure and gas flow rate fixed at 0.5 Pa
and 40 sccm, respectively. The full set of deposition parameters is re-
ported in [27]. During W and Al co-deposition, the respective target
powers were selected to obtain a nearly equiatomic composition in the
resulting mixed layer (= 50 at.% W and 50 at.% Al).

W-N coatings
Two types of W-N multilayer coatings were prepared: (i) samples
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concept studies to divertor-relevant components. Coating systems that
can maintain adhesion and structural integrity after localized attack are
highly desirable, as they prevent uncontrolled exposure of the substrate
and slow down corrosion kinetics. However, the partial delamination
observed for W-N#A coating even in the absence of substrate dissolu-
tion raises concerns about thermomechanical compatibility under the
cyclic conditions expected in a liquid metal divertor, where repeated
heating, cooling and solidification events will impose additional stresses
at the coating-substrate interface. Systematic thermal cyeling and post-
exposure mechanical adhesion tests emerge as essential next steps in the
qualification of candidate coatings.

The complementary study on coating thickness and substrate
roughness provides additional and crucial information.

While the W-Al layer retained a dense and featureless morphology
independent of thickness, corrosion experiments clearly showed that
insufficient thickness or poor substrate preparation can critically affect
protective performance. Seratch tests confirmed this trend: thinner W-Al
layers exhibited extensive buckling, spallation and substrate exposure,
whereas thicker layers transitioned toward energy-absorbing and
ductile-like responses, with higher critical loads and fewer catastrophic
failures. This behaviour is not always observed in protective coatings for
harsh environments, where increasing thickness can sometimes lead to a
deterioration of either protective performance or mechanical response
[62,63]. On rougher substrates (R, &~ 1 pm), severe corrosion occurred
regardless of coating thickness, confirming that local topographic ir-
regularities create shadowed regions where coverage is incomplete.
These sites act as preferential initiation points for liquid metal attack,
particularly as the kinetic of Cu-Sn IMC formation is accelerated at
500 °C. This is consistent with the variability observed even among
nominally identical samples, where microscopic differences in surface
features dictated whether a given specimen failed, partially degraded or
remained intact. Increasing coating thickness improves conformal
coverage and delays failure, but cannot fully compensate for extreme
roughness or deep machining marks. Therefore, controlling substrate
finish emerges as a key technological requirement for achieving repro-
ducible corrosion protection. In particular, a compromise on substrate
roughness becomes essential even when using advanced PVD techniques
such as HiPIMS, which can ensure good step coverage. The main limi-
tation in this case is not uniformity [64.65], but the need for increasingly
thick coatings to cover pronounced surface asperities, which signifi-
cantly extends deposition times and may become impractical for large-
scale components [66,67].

Importantly, the results also highlight a secondary protective func-
tion of the W-Al coating. Even after localized substrate dissolution, the
coating frequently preserved its integrity and remained in place, further
slowing penetration of liquid Sn. This effect suggests that, beyond acting
as a chemical barrier, the coating can mechanically confine the corrosive
process, providing additional time before structural integrity is
compromised. From a design perspective, this is a valuable property, as
it implies a mode of progressive failure, allowing the coating to maintain
partial protective capability rather than undergoing a sudden loss of
performance.

Conclusions

This work provides a comprehensive framework for the design and
qualification of protective coatings for liquid metal divertor applica-
tions. Specifically, the reported results highlight scientific and techno-
logical parameters that critically affect coating performance in ensuring
chemical compatibility between liquid Sn and Cu-based structural
materials.

Firstly, W-based coatings systems, and particularly W-Al ones,
demonstrated to combine chemical inertness with microstructural sta-
bility, even after prolonged exposure at 500 °C. In this respect, the
presence of amorphous morphologies represents a promising strategy
for suppressing fast diffusion paths of the liquid metal and delaying the
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onset of IMCs growth.

Secondly, the study highlighted the value of multilayer architectures.
Indeed, alternating crystalline and amorphous layers not only act as
sequential diffusion barriers, but also improve the mechanical response
and partially preserve the integrity of the barrier even after local sub-
strate dissolution. This behaviour, while not preventing eventual failure,
allows a degree of controlled degradation that slows substrate con-
sumption and prolongs protection.

Lastly, substrate preparation and coating thickness were identified as
relevant engineering parameters. While moderate roughness may
contribute to mechanical interlocking at the interface, excessive sub-
strate roughness leads to coating discontinuities and defect formation,
which become preferential sites for liquid metal attack. Therefore,
adequate surface finishing is mandatory to minimize local defects that
act as preferential attack sites, whereas sufficient coating thickness en-
sures conformal coverage even on moderately rough industrial surfaces.
However, process feasibility requires practical limits on achievable
thicknesses, especially for PVD techniques such as HiPIMS. This suggests
that future optimization must balance coating performance with depo-
sition rate and scalability.

Future work should focus on thermal cycling and transient loading
experiments, as well as adhesion improvement, to bridge the gap be-
tween laboratory experiments and reactor-relevant conditions, ulti-
mately enabling reliable development of liquid metal divertor in fusion
reactors. In this respect, the study of coating response to irradiation
under external ion fields, combined with corrosion testing, represents a
crucial step for future investigations.
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