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A B S T R A C T

Pure‑tungsten and tungsten-aluminium films deposited by high power impulse magnetron sputtering (HiPIMS) 
on copper‑chromium‑zirconium substrates were investigated as protective coatings against liquid tin corrosion, a 
critical issue for nuclear fusion applications. The growth of pure‑tungsten coatings was controlled by using a 
negative substrate bias synchronized to the HiPIMS pulse onset, resulting in columnar films with various degree 
of compactness and crystallinity according to the set bias amplitude (0, 400 and 800 V). Differently, the co- 
sputtering of W and Al favored the formation of an amorphous layer with a compact morphology. During 
liquid tin corrosion experiments at 400 ◦C for up to 600 min, all produced coatings were not dissolved, but 
different protective performances were observed after localized liquid tin interaction. Pure-W coated samples 
suffered from tin penetration after brittle failure of the protective layer. On the contrary, under the same 
experimental condition, W–Al coatings proved to be effective in limiting liquid tin attack.

1. Introduction

In the last decades, liquid metals (LMs) have gained interests for 
several applications related to energy production and storage [1–3]. As 
far as nuclear power is regarded, LMs are considered a key technology to 
develop future systems thanks to their advantageous thermophysical 
properties [4–6]. Specifically, lead (Pb) and lead‑bismuth eutectic (LBE) 
are promising coolants for the realization of generation IV fission re
actors [7]. In the context of magnetic confinement fusion research, 
lithium (Li), gallium (Ga) and tin (Sn) are considered for non- 
conventional designs of the divertor which is a crucial component for 
the dissipation of the intense heat and particles fluxes generated by 
nuclear fusion reactions [8–10]. However, the susceptibility of most 
structural materials to LM corrosion is a critical issue to be tackled to 
ensure the integrity of the components. Thus, the investigation of the 
interaction between LMs and materials and the identification of strate
gies for the mitigation of corrosion phenomena represent fundamental 
research areas. This especially applies if the aim is the integration of LMs 
in a nuclear environment which, being characterized by high 

temperatures and strong radiation fields, introduces constraints on the 
choice of possible structural materials.

In this framework, the development of LM-based divertor concepts is 
worth of consideration as an alternative to solid tungsten (W)-based 
divertor [11,12]. The most mature designs are based on a Capillary 
Porous System (CPS) constituted by a porous mesh that exploits capil
larity to confine the LM [13]. Generally, the soaked CPS is placed 
directly in contact with the cooling pipes that, to satisfy the thermo
mechanical requirements imposed by the fusion power flux, are made of 
copper‑chromium‑zirconium (CuCrZr) alloy [9,10]. Among low-melting 
point metals, Sn is considered a promising candidate thanks to its good 
thermal conductivity, high boiling point and low vapor pressure 
[8,14,15]. However, significant liquid Sn corrosion is expected on Cu- 
based materials, even at the intermediate operating temperature of the 
nuclear fusion components (~ 400 ◦C) [10]. Indeed, studies developed 
in the microelectronics sector showed that the interaction between 
liquid Sn and solid Cu proceeds by a rapid Cu dissolution in Sn, leading 
to the nucleation of the hexagonal η phase (Cu6Sn5) and the ortho
rhombic ε phase (Cu3Sn) [16–22]. Typically, the latter phase grows as a 
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thin layer close to the Cu surface, while the former expands towards Sn 
exhibiting a peculiar scallop-like morphology [23]. Even if the forma
tion of these InterMetallic Compounds (IMCs) at the Cu–Sn interface 
progressively slows the process, their growth in a realistic component 
would severely compromise its thermal and mechanical performance.

To avoid LM corrosion, the presence of protective coatings represents 
a possible solution. In the context of nuclear energy systems, coatings 
composed by metallic alloys or ceramics have been comprehensively 
investigated for fast fission reactors demonstrating to be an appealing 
option to improve components resistance against Pb and LBE corrosion 
[24–29]. On the contrary, the literature is quite scarce regarding the 
mitigation of liquid Sn corrosion. In the last years, different classes of 
materials were tested in corrosion experiments involving liquid Sn. 
Nevertheless, only a limited number of refractory metals and ceramics 
(e.g., tungsten, molybdenum, silicon carbide or alumina) demonstrated 
to be inert concerning their bulk form. [14,30–36]. Considering the 
long-lasting experience on W-coatings in a fusion environment [37–39] 
and its wettability in liquid Sn [35], W and its alloys candidate as barrier 
layer material. Interestingly, a recent work [40] related to applications 
in electronics and soldering reported an enhancement in the control of 
the interaction between liquid Sn and a Cu substrate covered with a 
nickel layer alloyed with molybdenum (Mo). However, for CuCrZr bulk 
no investigation has been yet performed on the development and 
behaviour of a corrosion barrier against liquid Sn concerning the pre
viously described LM-based divertor design.

In this respect, the fine tailoring of coating properties at the nano
scale represents a key aspect to optimize the performances in the harsh 
LM environment. To this end, the choice of advanced deposition 
methods can be beneficial. Specifically, among the Physical Vapor 
Deposition (PVD) family, High Power Impulse Magnetron Sputtering 
(HiPIMS) [41] is noteworthy. HiPIMS builds upon the working princi
ples of Direct Current Magnetron Sputtering (DCMS) but, instead of a 
constant negative voltage, high amplitude voltage pulses (10s–100s μs 
long) are applied to sputter the material cathode. This leads to peak 
power densities in the range 0.5–10 kW/cm2, usually two orders of 
magnitude larger than the time-averaged values. As a result, a high 
density plasma (1018–1019 m− 3) characterized by a significant fraction 
of ionized sputtered species is generated. The presence of ions of the 
deposited material opens new ways to engineer films with controlled 
morphology, microstructure and adhesion. Indeed, the application of 
proper electric fields (e.g., a substrate bias voltage) allows to tune the 
trajectory and energy of the ionized sputtered species, influencing the 
film growth dynamics [42–44]. Specifically, considering the W HiPIMS 
discharge, recent works [45–48] reported the deposition of films 
exhibiting superior quality in terms of structural, mechanical and 
tribological properties if compared to films obtained by the more con
ventional DCMS. Moreover, as reported in previous works [49–51], the 
co-sputtering of refractory metals (W or Mo) with other metallic mate
rials such as aluminium (Al) can be adopted as complementary strategy 
to properly modify coating characteristics (e.g., moving from a solid 
solution phase to an amorphous-like one).

This work aims at evaluating W and W–Al films with different 
morphological and microstructural properties as protective layers on 
CuCrZr component against liquid Sn corrosion. Considering a 100 μs 
long HiPIMS pulse, depositions of films via sputtering from a single W 
target and via co-sputtering from a W target and an Al target were 
investigated to coat planar CuCrZr substrates. In the former case, both 
unbiased conditions and the application at substrate of 100 μs long 
negative bias pulses synchronized with the HiPIMS pulse onset (bias 
voltage delay Δτ = 0 μs) and with amplitude (US) of 400 V and 800 V 
were considered. In the latter case, both cathodes were powered in 
HiPIMS mode to fully exploit a highly ionized and energetic plasma 
environment favoring the formation of a compact and uniform coating 
on an uncommon substrate as the CuCrZr one. The produced samples 
were tested in corrosion experiments exploiting the static droplet 
approach [21,40,52–56] at 400 ◦C for relatively short periods of time 

(150 or 600 min). While shorter than the expected divertor lifetime, 
these exposure times allow for the investigation of the barrier effec
tiveness on the most relevant time-scales, given the fast chemical 
interaction between Cu and Sn. Morphology, microstructure and 
composition of the coatings were characterized before and after the 
exposure. In light of these analyses, the protective performances against 
liquid Sn corrosion are discussed.

2. Experimental methods

2.1. Coatings deposition

Planar CuCrZr substrates were machined from commercial-grade 
bulk material. All substrates presented a squared or rectangular shape 
(10–25 mm in length and in width), while the thickness was varied in the 
1–10 mm range. Specifically, the minimum thickness was constrained 
taking into account the solubility limit of Cu into molten Sn at 400 ◦C of 
around 13 at.% [57]. Following the assumption of homogeneous 
dissolution over the whole contact area (for more details see paragraph 
2.3) and no intermetallic compound formation, a dissolved substrate 
thickness of about 0.2 mm would result. However, both the formation of 
Cu–Sn IMCs and possible localized corrosive attack would lead to a 
larger penetrated thickness. The minimum thickness of 1 mm was 
therefore chosen as a conservative value to avoid a complete Sn pene
tration through the substrate.

The substrates were grinded with SiC paper (up to 2500 grit) and, 
successively, mechanically polished (3 μm diamond finishing). Surface 
oxides and impurities were removed using proper metal-cleaning 
agents. The samples were immersed in a solution composed by anionic 
and non-ionic surfactants for a few minutes. Once extracted, solution 
residues on samples surface were removed by water. Finally, samples 
were rinsed using isopropanol.

Two kind of coatings were deposited: pure tungsten (W) and tung
sten aluminium (W–Al). Films were grown onto the above described 
CuCrZr substrates and, for morphology and structure analyses, onto 
single side polished 500 μm thick (100) silicon wafers cleaned using 
isopropanol. In all cases, prior to coating deposition, the vacuum 
chamber was pumped to a base pressure lower than 5 × 10− 4 Pa. Argon 
(99.999 % purity) working pressure was fixed to 0.5 Pa and the inlet gas 
flow to 40 sccm. Concerning the magnetron sputtering system described 
in [43], the targets to substrate distance was set to 16 cm. Targets were 
inclined of 18◦ with respect to the substrate normal. To ensure deposi
tion uniformity, the sample holder was rotated at a uniform speed of 5 
rpm in all cases. The sample holder was not intentionally heated during 
the process. For pure-W films, one cathode was equipped with a circular 
W target (diameter = 76 mm, thickness = 6 mm) and a dual-channel 
SIPP2000 generator (Melec GmbH, Germany) was used to power it in 
the HiPIMS process. The HiPIMS pulse length, duty cycle and frequency 
were set to 100 μs, 1.75 % and 175 Hz.

The average power was fixed to 230 W, corresponding to a peak 
power density and peak current density of about 0.6–0.7 kW/cm2 and 
0.9–1 A/cm2, respectively.

During the deposition, the application to the substrate of 100 μs long 
negative bias pulses synchronized with the HiPIMS pulse onset (bias 
voltage delay Δτ = 0 μs) was considered. The described bias configu
ration was selected relying on a previous study [48] focused on the 
morphology, structural and residual stress characterization of HiPIMS W 
films deposited in similar bias conditions. Before the deposition of each 
coating, a pure-W “bottom layer” was realized setting US equal to 800 V. 
The deposition time for the “bottom layer” was set to 20 min to achieve a 
thickness of 100 nm. It is worth mentioning that this layer is essential to 
guarantee a satisfactory adhesion of the coating on the CuCrZr substrate. 
Indeed, the direct growth of W-based coatings without bias application 
or with the application of lower amplitude pulsed bias led to a poor 
adhesion on the CuCrZr substrate. Subsequently, the bias voltage was 
adjusted to the desired amplitude until the end of the process. According 
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to the applied bias amplitude the total deposition time was set to 80 min 
(US = 0 V), 95 min (US = 400 V), 110 min (US = 800 V) to obtain in all 
cases a film thickness around 400–500 nm. Hereinafter, W-0 will refer to 
the pure-W coating deposited setting US = 0 V, W-400 to the one 
deposited setting US = 400 V and W-800 to the one deposited setting US 
= 800 V.

W–Al coatings were produced by simultaneously co-sputtering a W 
and an Al sources. For this purpose, a second cathode was equipped with 
an Al target (diameter = 76 mm, thickness = 6 mm). Also in this case, 
the dual-channel SIPP2000 generator was used to power the cathodes in 
the HiPIMS process. Concerning the W target, the sputtering configu
ration described for the production of W-0 films was used. To sputter the 
Al target, the same HiPIMS pulse parameters adopted for the W target 
were selected, but fixing the average power to the nearly constant value 
of 380 W. This corresponded to a peak power density and peak current 
density of about 0.9–1 kW/cm2 and 1.4–1.5 A/cm2, respectively. Before 
the co-deposition, as in the pure-W coatings case, the deposition of the 
above described “bottom layer” was considered. In addition, to improve 
the wettability of liquid Sn on the coating, a “top layer” with equal 
characteristics was added, thus leading to the formation of a pure-W/W- 
Al/pure-W sandwich structure. The total deposition time was set to 85 
min to obtain a film thickness of approximately 700–800 nm. Table 1
resumes the applied process parameters for film deposition on CuCrZr 
substrates. Moreover, one set of co-deposited coatings was realized on 
(100) silicon substrates without adding the “top layer” to perform a 
proper compositional and microstructural analysis of the W–Al layer 
only. This set of sample was not considered for corrosion tests.

2.2. Coatings characterization

The morphological properties of coatings before and after corrosion 
experiments were investigated using a LEICA DMI5000 M inverted op
tical microscope and a Zeiss Supra 40 field emission Scanning Electron 
Microscopy (SEM) operating at an accelerating voltage of 5 kV.

To perform elemental analysis, Energy Dispersive X-ray Spectros
copy (EDX) was performed coupling the SEM apparatus whit a Xplore 15 
EDS detector (Oxford Instruments) and setting the accelerating voltage 
to 15 kV. Specifically, to cross-sectionally characterize the interaction 
region with the LM, samples were embedded in the two-component 
epoxy resin Technovit 5017 (Kulzer, GmbH, Hanau, Germany), cutted 
using a silicon carbide rotating blade, polished and cleaned with 
ethanol.

The crystalline phase and crystallographic orientation of the coatings 
grown on CuCrZr substrates was evaluated through X-Ray Diffraction 
(XRD) analysis performed by a Rigaku Geigerflex diffractometer with a 
Cu-Kα source, working in θ-2θ configuration. Moreover, additional 
grazing incidence X-ray diffraction (GIXRD) measurements were 

performed on W-800 and W–Al coatings deposited on Si substrates 
using a Panalytical X'Pert Alpha-1 diffractometer with a Cu-Kα source 
and setting ω equal to 1.0◦. Specifically, for this analysis the set of W–Al 
samples without the “top layer” were considered.

2.3. Corrosion tests

Corrosion tests were performed in a resistive vacuum oven installed 
at ENEA-Centro Ricerche Frascati (Italy). About 1.5 ± 0.1 g of Sn (99 % 
purity) was positioned on top of each sample and surrounded by an 
alumina tube (diameter = 10 mm) in order to keep constant the inter
action area throughout the experiments. Then, samples were inserted 
into an alumina crucible and positioned in the lower part of the oven. A 
K-type termocouple directly in contact with the base of the samples was 
exploited to monitor the temperature. Before experiments, the oven 
chamber was evacuated down to a background pressure of 5 × 10− 3 Pa 
monitored through a full-range pressure gauge. A heating cycle char
acterized by a temperature increase of 5 ◦C/min was applied until the 
desired temperature of 400 ◦C was reached. The temperature was kept 
constant during the whole experiment duration, equal to 150 or 600 
min. Subsequently, the system was slowly cooled to 50 ◦C before venting 
the chamber and extracting the samples.

3. Result and discussion

3.1. Coatings deposition and characterization

3.1.1. HiPIMS waveforms
For the W and Al targets, Fig. 1(a) and (b) exemplify typical exper

imental HiPIMS discharge voltage and current waveforms acquired 
during deposition on CuCrZr substrates. Moreover, Fig. 1(a) also reports 
the characteristics of the three different pulsed bias voltages applied to 
the substrate and synchronized with the HiPIMS pulse onset considered 
for the deposition of pure-W coatings. For both materials, the discharge 
voltage waveform is approximately constant during the pulse on-time, 
resulting in a rectangular shape. The temporal evolution of the 
discharge current density related to the W target presents a peak value of 
about 1 A/cm2 (t ≈ 40 μs) and, successively, decreases down to 
approximately 0.7 A/cm2 as a consequence of the strong working gas 
rarefaction promoted by the sputtering of heavy elements like W [47]. 
Differently, the discharge current waveform of the Al target shows a 
more pronounced increase up to 1.4–1.5 A/cm2 and remains constant at 
this value until the end of the pulse. The two described behaviours 
suggests that the HiPIMS discharge mode is different for the two metals. 
Probably, for the W discharge a mixed working gas sputtering and self- 
sputtering regime can be assumed, while the self-sputtering regime plays 
a major role during the Al discharge [47,48,58].

3.1.2. Morphology characterization
Fig. 2 displays the morphological properties of the produced W- 

based coatings. The first column (Fig.
2(a-e)) and the second column (Fig. 2(f-l)) report the SEM cross 

sectional and planar micrographs of coatings deposited on silicon sub
strates. The third column (Fig. 2(m-q)) reports the planar SEM micro
graphs of the coatings deposited on CuCrZr substrates. All pure-W 
coatings present a columnar growth up to a thickness of approximately 
400 nm. Specifically, the W-0 coating presents the narrowest columns 
(Fig. 2(a)), resulting in a nano-ridged superficial pattern exhibiting well- 
defined streaked and rippled features (Fig. 2(f)). The same structures are 
also visible considering the coating deposited on the CuCrZr substrate 
(Fig. 2(m)). The introduction of the bias voltage during coating de
positions leads to a morphology variation. SEM micrographs of fracture 
cross sections (see Fig. 2 (b) and (c)) show a progressive widening of 
columns size. As explained in previous studies about W HiPIMS films 
[47,48], the high energy of the ionized species selectively accelerated 
towards the substrate by the pulsed bias favors thermally induced 

Table 1 
Discharge parameters considered for films deposition on CuCrZr substrates.

Sputtered cathode pure-W W-Al

Tungsten Tungsten, aluminium

Ar Pressure [Pa] 0.5 0.5
Pulse Length [μs] 100 100, 100
Frequency [Hz] 175 175, 175
Duty Cycle [%] 1.75 1.75, 1.75
Discharge Voltage [V] 690–740 690–740, 650–700
Average Discharge Power [W] 230 230, 380
Peak Current Density [A/cm2] 0.9–1 0.9–1, 1.4–1.5
Bias Voltage Amplitude [V] 0, 400, 800 0
Bias Voltage Delay [μs] 0 –
Deposition Time [min] 80a, 95a, 110a 85a

“Bottom layer” Yes Yes
“Top layer” No Yes

a The deposition of “bottom” and/or “top” layers is included. The deposition 
of a single layer requires ~ 20 min.
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processes (e.g., defects annealing or diffusion and release of trapped 
argon gas atoms). This promotes an enhanced grain boundary motion 
and, in turn, grain coarsening and increase of columns size. As a 
consequence, on both Si and CuCrZr substrates, the coatings top-surface 
(see Fig. 2(g-h) and (n-o)) appears more homogeneous. Indeed, the 
nano-ridged pattern observed for the W-0 coating is hardly recognizable, 
probably also due to re-sputtering effect caused by the dramatic increase 
of the bombarding ion energy. It is important to note that in all pure-W 
coatings the presence of the 100 nm thick”bottom layer”, is not easily 
identifiable. Indeed, if on one side its presence is crucial to guarantee 
films adhesion on the metallic substrate, on the other it does not heavily 
influence the subsequent coating growth in terms of morphology, which 
is rather governed by the specific bias voltage configuration adopted.

A different morphology can be appreciated for the W–Al coatings. 
On the one hand, the cross-section SEM image (Fig. 2(d)) clearly evi
dences the three constituents of the coating: the pure-W “bottom” and 
“top” layers (approximately 100 nm in thickness each) and the central 
one produced by the co-deposition of W and Al (approximately 600 nm 
in thickness). This latter layer is characterized by a featureless growth 
which leads to a compact and dense morphology. On the other hand, due 
to the presence of the”top layer”, the features of the coating surface 
resemble the ones described for the W-800 coating (see Fig. 2(i) and (p)). 
To precisely retrieve the chemical composition of the W–Al layer, the 
corresponding set of samples realized without the”top layer” has been 
considered. The morphology of these samples is displayed in Fig. 2 (e), 
(l) and (q). The cross-section is similar to the one shown in Fig. 2(d), but 
in the upper part of the coating a brighter region corresponding to a 
“folded layer”, typically exhibited by metallic glass films after fracture 
[59,60], is visible. Instead, planar SEM images result different due to the 
absence of the “top” layer. On Si substrate, film morphology results 
uniform and featureless (see Fig. 2(l)). The coating exhibits the same 
characteristics also on CuCrZr (see Fig. 2(q)), but some features related 
to the metallic substrate irregularities can be recognized. The EDX 
investigation on these samples proved equi-atomic mixture of W and Al 
in the coating (50 at.% W and 50 at.% Al), homogeneously over the 
sample surface, and a negligible fraction of impurities (e.g, oxygen or 
carbon). More details about the choice of this composition for the W–Al 

layer can be found in the “Supplementary Material”.

3.1.3. Structural analysis
Fig. 3 reports the results related to the XRD measurements. Fig. 3(a) 

shows the diffractograms related to W-based films deposited on CuCrZr 
substrates. By comparing the patterns of the coated samples and the 
reference one (i.e., bare substrate), it is evident that all the analysed 
samples exhibit the contribution of the polycrystalline substrate. Spe
cifically, four characteristic peaks of Cu (2θ = 43.316◦ (111), 50.449◦

(200), 74.125◦ (220) and 89.936◦ (311)) are visible. Concerning the 
pure W coatings, diffractograms indicate a dominant α-W structure (A2 
bcc) with a 〈110〉 out-of-plane preferred orientation compatible with the 
previously described columnar growth. No peaks related to other ori
entations of this W phase were detected using the θ-2θ configuration. In 
all cases, the peak associated with the (110) reflection is centered at a 2θ 
angle lower than the reference position (2θ = 40.265◦ [47]) suggesting 
the presence of an intrinsic compressive stress state which relaxes as the 
applied bias voltage amplitude is increased, in agreement with previous 
findings on Si substrates [47,48]. A magnification of previous patterns 
restricted to the region around the α-W (110) peak (2θ = 37–45◦) is 
displayed in Fig. 3(b). Focusing on the W-0 coated sample, its pattern 
reveals a slightly asymmetric α-W (110) peak. Differently, asymmetry 
does not characterize the α-W (110) peak exhibited by the diffracto
grams associated to samples realized with biased depositions. On the one 
hand, the bias amplitude US = 400 V seems to favors a better crystalli
zation and orientation degree of the coatings with respect to the unbi
ased case. The main diffraction peak is centered at 2θ = 40.10◦, resulting 
in a crystallite size (estimated with Scherrer formula) and an out-of- 
plane lattice parameter of approximately 18 nm and 0.318 nm, respec
tively. On the other hand, the intense bombardment promoted at US =

800 V enhances the distortion of the lattice coherence leading to a 
reduced crystalline quality, with a decrease in grain size down to around 
14 nm and an out -of-plane lattice parameter of 0.317 nm.

Fig. 3(a) and (b) also depict the pattern related to W–Al coatings. It 
stands out that no peaks related to a pure Al phase were present and, 
similarly, no peaks associated with intermetallic phases were detected, 
despite the formation of IMCs is foreseen by the W–Al phase diagram 

Fig. 1. Temporal evolution of the discharge voltage (red) and current density (blue) waveforms acquired for the (a) W target and (b) Al target. In panel (a) the bias 
voltage waveforms (green) synchronized with the HiPIMS pulse onset related to the deposition of pure-W coatings are also reported.
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for an equiatomic mixture of W and Al [61]. On the contrary, the W–Al 
diffractogram shows a peak around 2θ = 40◦ that can be attributed to the 
α-W structure and that could be interpreted hypothesizing the formation 
of a solid solution of Al in W. However, it must be emphasized that 
the”top” and”bottom” layers constituting the”sandwich” structure of the 
W–Al coating can significantly contribute to this diffracted signal. In 
this framework, an interesting suggestion can be inferred from the 
signal-to-noise ratio characterizing the W–Al pattern. If compared to 
the one of W-800 coating, the signal-to-noise ratio of the W–Al pattern 

is lower indicating a reduced degree of cristallinity. Furthermore, while 
in the W-800 pattern the α-W (110) peak can be fitted with a single 
PseudoVoigt function superimposed on a linear background (see Fig. 3
(b.1)), fitting the same peak in the W–Al diffractogram requires the 
addition of a Gaussian contribution, centered at 2θ ≃ 40.5◦ (see Fig. 3
(b.2)). These differences suggest a more complex structure of the W–Al 
coating. To further clarify this aspect, GIXRD measurements were per
formed to precisely characterize the microstructural properties of the 
W–Al layer only. To this end, the W–Al set of samples realized without 

Fig. 2. SEM cross sectional micrographs of (a-c) pure-W, (d) W–Al coatings with “top” layer and (e) W–Al coatings without “top” layer deposited on a silicon 
substrate. SEM planar micrographs of pure-W and W–Al coatings deposited on (f-l) a silicon substrate and (m-q) a CuCrZr substrate.
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the”top layer” was examined. For proper comparison, the same inves
tigation was performed on W-800 coatings. The results of this analysis 
are shown in Fig. 3(c). If compared to the pattern acquired using the θ-2θ 
configuration (see Fig. 3(a)), the signal of the W-800 coating presents 
more than one peak related to the α-W structure, as widely reported for 
textured films. Indeed, in addition to the sharp α-W (110) peak, also the 
peaks related to the (211), (200) and (220) reflections are visibile at 2θ 
= 58.26◦, 73.19◦ and 87.01◦. Nevertheless, the (110) peak remains the 
most intense one, further supporting that the preferential growth of 
pure-W coatings is along the 〈110〉 direction.

A different behaviour characterizes the pattern of the W–Al layer. 
Firstly, it presents a wide gaussian peak centred at 2θ ≈ 40.5◦, corre
sponding to a d-spacing similar to the one between the (110) α-W planes, 
but widened and with a much lower intensity compared to the W-800 
coating. This could explain the need of an additional Gaussian contri
bution in the previously discussed fitting procedure of the θ-2θ dif
fractogram. Secondly, broad bands centred approximately around the 
position of the others α-W reflections appear. The presence of these 
bands rather than sharp peaks suggests discarding the hypothesis about 
the formation of a solid solution of Al in W for the WAl layer. Moreover, 
in agreement with the findings of the θ-2θ measurements (see Fig. 3(a)), 

the GIXRD pattern of the W–Al layer does not show peaks related to a 
pure Al phase or to W–Al IMCs.

Concerning the W-800 coating, the FWHM is equal to 0.74◦, corre
sponding to a crystallite size of about 11 nm, according to the Scherrer 
formula. Instead, for the WAl layer the FWHM increases to 4.7◦ and the 
crystallite size decreases to 2 nm. These values are consistent with the 
ones characterizing pure metallic-based amorphous films produced by 
PVD [49–51,62,63]. Specifically, an amorphizing effect of Al has been 
described in the literature for sputtered coatings based on transition 
metals with various composition [49–51,64–67]. Among these, the 
findings of Lakdhar et al. [49] and Radic et al. [50] are notable for this 
research. In the former work, the authors investigated DCMS co- 
sputtered Al-Ti-W coatings characterized by a nano-crystalline amor
phous structure for various W contents (up to 17 at.%) and a nearly 
constant Ti/Al content ratio. Interestingly, all the reported Al-Ti-W films 
exhibited morphologies and XRD patterns very similar if compared to 
the W–Al layer presented in this work. Concerning W–Al films pro
duced by conventional DCMS, the latter work demonstrated that 
amorphous structures could be achieved with W content in the range 
20–33 at.%. Despite a higher W content (50 at.%) with respect to the two 
mentioned literature works, a similar amorphizing effect of Al could 

Fig. 3. X-ray diffractograms of the W-based coatings. (a) XRD patterns of pure-W and W–Al coatings deposited on CuCrZr substrates acquired with the θ-2θ 
configuration. The signal of the substrate is reported as a reference and the corresponding peaks are identified by (*). (b) Magnification of XRD patterns acquired with 
the θ-2θ configuration. The x-axis is restricted to the region 2θ = 37–45◦. The curves related to (b.1) W-800 and (b.2) W–Al coatings have been studied using a fitting 
procedure. The legend refers to both panel (b.1) and (b.2). (c) GIXRD patterns of W-800 (red) and W–Al (blue) coatings deposited on Si substrates. The investigated 
W–Al coatings have been realized without the”top” W layer for a proper analysis of the mixed layer only.
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hold also for the mixed coatings examined in the present study. In this 
regard, the HiPIMS plasma environment could have a relevant impact in 
the enhancement of kinetic effects at grain level triggering amorphiza
tion followed by recrystallization [68]. Thus, even in these conditions, 
the formation of a structure consisting in few nanometers crystal do
mains dispersed in an amorphous matrix can be hypothesized as sug
gested in [49]. This might explain the observed morphology and XRD 
patterns.

3.2. Short-term exposures

CuCrZr samples coated with the four W-based morphologies pre
sented in Section 3.1 were exposed for 150 min to liquid Sn at 400 ◦C. 
Fig. 4 reports the macroscopic and microscopic inspection of the samples 
after the test. In the case of W-0 and W-400 coatings, once solidified the 
Sn drop remained firmly stuck to the samples surface (see Fig. 4(a) and 
(b), respectively), suggesting a significant interaction between the LM 
and the sample. On the other hand, as displayed in Fig. 4(c) and (d), after 
the end of the test the Sn drop easily detached from the sample coated 
with W-800 and the sample coated with the W–Al film. Specifically, in 
the two cases the surface region kept in contact with the LM drop can be 
identified by a opaque circular halo (highlighted by a red dashed circle 
in Fig. 4(c) and (d)). Moreover, within the interaction region, both 
samples exhibit relatively small darker areas distinguishing from the rest 
of the halo.

Concerning the last two discussed samples, the surface of the inter
action region was inspected by optical microscopy and SEM. On the 
contrary, this characterization was not possible for pure-W samples 
deposited with US = 0 V and 400 V, since the solidified Sn droplet 
hindered the corroded region. The results of this analysis are presented 
in Fig. 4 (e-g). For both samples, the halo characterizing the interaction 
region is due to residual Sn nano-droplets solidified after the end of the 
test, as displayed in Fig. 4(e). Similar droplet formation was previously 
observed in fusion relevant experiment involving the use of liquid Sn 
[13]. On the other hand, the darker points present in the interaction 
region can be attributed to distinct reasons. Concerning the pure-W 
coating deposited with US = 800 V, they can be associated to corro
sion spots, appearing as wrinkles and outward deformation of the 

coating (see Fig. 4(f)). Differently, focusing on the W–Al coated sample, 
the darker points are due to carbon-based impurities probably present as 
contaminants inside the oven (see Fig. 4(g)), while no sign of corrosion 
was identified.

The exposed samples were cut and prepared according to the pro
cedure described in Section 2.2 to investigate the cross section 
morphology. The results related to a bare CuCrZr substrate and samples 
coated with W-400, W-800 and W–Al films are reported in Fig. 5. The 
behaviour of the W-0 coated samples is not shown since similar to the W- 
400 one. As shown by Fig. 5(a), the bare substrate was subjected to a 
uniform penetration of liquid Sn (approximately 400 μm in depth) along 
the entire contact area, indicating severe corrosion. The strong inter
action between the LM and the CuCrZr substrate is also confirmed by a 
significant growth of intermetallic η and ε phases, distinguishable based 
on the different optical contrast in Fig. 5(b), both in the interface region 
and in the bulk of the Sn drop. In this respect, the Cu–Sn fraction evi
denced by EDX measurements was 55–45 at.% for the η phase and 
75–25 at.% for the ε phase, in agreement with literature values [57]. 
Concerning the W-400 coated sample, Fig. 5(c) and (d) reveal a more 
localized but deeper corrosion (approximately 850 μm in depth) and, as 
in the previous case, formation of IMCs. Consequently, the W-400 coated 
sample presented a corrosion depth approximately double than that of 
the bare substrate. This quite unintuitive behaviour can be explained by 
considering the saturation limit of corrosion. Assuming corrosion 
reached near-saturation conditions, the amount of dissolved Cu depends 
only on the volume of Sn present, which is constant in the two cases. 
Thus, corrosion depth will be inversely proportional to the exposed 
CuCrZr area, clearly greater for the bare substrate than for the coated 
one.

Notably, it can be observed that the W-400 coating, despite 
damaged, was not dissolved by the surrounding liquid Sn and remained 
semi-intact near the former Cu–Sn interface. This suggests that the inert 
behaviour to Sn corrosion attributed in the literature to bulk W 
[14,31,34] can be extrapolated to W coatings. Moreover, in Fig. 5(c) it 
can be observed that, after the fracture, the coating assumed a curvature 
compatible with an intrinsic compressive stress state, confirming the 
findings of XRD measurements.

Focusing on the W-800 and W–Al coated samples, cross section 

Fig. 4. Macroscopic morphologies of the pure-W coated samples deposited with (a) US = 0 V, (b) 400 V, and (c) 800 V and (d) W–Al coated samples after exposure 
to liquid Sn at 400 ◦C for 150 min. The red dashed circle in panels (c) and (d) approximately corresponds to the interaction region. (e) SEM planar image of the 
boundary between the interaction region, characterized by the presence of solidified Sn nano-droplets forming the circular”halo”, and the unexposed region. The red 
dashed line is just a guide to the eye. Inset: magnification of the solidified Sn nano-droplets in the exposed “halo” region. Optical microscopy planar images of (f) 
pure-W (US = 800 V) and (g) W–Al coated samples after exposure to to liquid Sn for 150 min.
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morphology corroborates the indications given by surface analysis. In 
the former sample, Fig. 5(e) displays a limited penetration of liquid Sn 
(approximately 200 μm in depth) in correspondence with the surface 
corrosion spot observed in the interaction region (see Fig. 4(f)). Again, in 

Fig. 5(f) it is possible to appreciate that the W coating is still recogniz
able despite corrosion started. Differently from all other tested samples, 
no penetration of LM was detected for the one coated with the W–Al 
film. Indeed, as depicted in Fig. 5(g) and (h), the cross section 

Fig. 5. Low and high magnification optical microscopy cross section images of samples exposed to liquid Sn for 150 min. The high magnification image approxi
mately corresponds to the region delimited by the white line in the low magnification image. (a) and (b) refer to a bare CuCrZr sample. (c) and (d) refer to a sample 
coated with a pure-W film deposited setting US = 400 V. (e) and (f) refer to a sample coated with a pure-W film deposited setting US = 800 V. (g) and (h) refer to a 
sample coated with a W–Al film.
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morphology analysis revealed a coating-substrate interface unaltered by 
the contact with liquid Sn.

From the presented results it is possible to conclude that, out of the 
four W-based coating tested, the W-0 and W-400 ones exhibited an 
insufficient behaviour as barriers. Indeed, both macroscopic and 
microscopic analysis revealed an extensive penetration of liquid Sn 
through the coating and corrosive interaction with the CuCrZr substrate. 
Instead, better performances were observed for the W-800 and W–Al 
coatings. Probably, this can be related to their peculiar morphology and 
microstructure compared to other coatings. Indeed, as described in 
Section 3.1, the W-800 film was characterized by a lower crystalline 
degree caused by a high energy ion bombardment (US = 800 V), while 
W–Al presented a less ordered structure promoted by the co-deposition 
of Al. In addition, some more general considerations can be drawn. 
Firstly, the deep corrosion observed for the W-0 and W-400 coated 
samples indicates that the time duration of the test, despite shorter than 
the expected component lifetime, is enough to provide representative 
insights into the behaviour of W-based corrosion barriers. Secondly, 
some hints on the barrier layer failure mechanism can be drawn from the 
observation of the intermetallic η and ϵ phases at the interface between 
Cu and Sn (see Fig. 5(d) and (f)), as well as from the limited extension of 
the interaction area for the W-800 coated sample (about 1 mm in 
diameter with respect to 10 mm of interaction area, see Fig. 5(e)). Thus, 
corrosion starts in correspondence with coatings imperfections which 
constitute a preferential channel for liquid Sn penetration towards the 
underlying substrate. In particular, imperfections are primarily con
nected to the presence of unavoidable machining-related substrate de
fects which affect coating uniformity. In addition, the coverage of 
substrate irregularities can be further influenced by the specific coating 
growth features (e.g., a columnar morphology or a uniform amorphous- 
like morphology). Once in contact with liquid Sn, Cu dissolves into it 
reaching super-saturation and promoting nucleation of IMCs at the 
Sn–Cu border. The expansion caused by IMCs nucleation and growth 
triggers the deformation of the coating leading to its breakage. Probably, 
the ability of these pure-W coatings in withstanding such a dramatic 
variation in the film/substrate interface (from solid/solid to solid/liq
uid+solid) is negatively influenced also by the compressive residual 
stress state characterizing them, which worsen their mechanical stabil
ity after substrate dissolution. Indeed, liquid Sn starts to expand from the 
penetration point in all directions, leading to the dissolution of the 
metallic substrate (and formation of intermetallic compounds). On the 
contrary, the coating is not dissolved. Therefore, locally the coating 
freely “floats” over liquid Sn and its compressive stress state is no longer 
compensated by the solid CuCrZr substrate on which was originally 
grown. This induces the coating to curl on itself (see Fig. 6(c)) 
compromising its integrity and further facilitating the penetration of 
liquid Sn, thus leading to a positive feedback mechanism that accelerates 
the degradation process. Nevertheless, during the performed tests, the 
complete dissolution of Cu is prevented since the kinetic of the process is 
progressively slowed by the growth of IMCs. Lastly, as already 

mentioned, it is worth to highlight that, even in those cases where 
corrosion was observed, the coating was recognizable and not dissolved, 
though lifted and damaged by the expansion of IMCs. This confirms that 
W in the form of coatings remains inert to the aggressive liquid Sn 
environment, as reported for the bulk material in the literature 
[14,31,34].

3.3. Long-term exposures

Relying on the results presented in the previous Section, W-800 and 
W–Al coatings emerged as the most promising barrier materials among 
the ones examined. Thus, a more in-depth investigation was dedicated to 
these two kinds of coatings to further inspect their protective perfor
mances. The exposure time to liquid Sn was extended to 600 min. In 
addition, to take into account the sensitivity of corrosion experiments to 
defects related to substrate machining, more nominally identical sam
ples were tested. Specifically, for each type of coating, four samples were 
produced to improve tests statistic and reduce the dependence on local 
substrate finishing.

Fig. 6 illustrates the macroscopic morphologies of W-800 and W–Al 
samples after the tests. As can be seen from Fig. 6(a), all the specimens 
coated with a pure-W layer suffered corrosion issues. In two cases (see 
upper part of Fig. 6(a)), the Sn drop remained stuck to the sample sur
face clearly indicating a corrosive interaction with the CuCrZr substrate. 
In the other two cases (see lower part of Fig. 6(a)), the removal of the Sn 
drop revealed the presence of damaged surface areas suggesting the 
beginning of a heavy corrosion process. On the other hand, significant 
differences were observed for the W–Al coatings, as shown in Fig. 6(b). 
The Sn drop spontaneously detached from the surface of all four samples 
and the coatings appeared macroscopically unaffected. Nevertheless, 
within the circular halo left by liquid Sn residues, it is possible to notice 
few points indicating a localized attack, even if to a by far lower extent 
compared to the W-800 samples case.

EDX analysis coupled with optical microscopy and SEM images 
provides further insights on the behaviour of the two tested coatings. 
Fig. 7 refers to a W-800 coated sample. The cross-sectional optical mi
croscopy and SEM views show LM penetration through the W coating 
and the formation of IMCs both at the interface with the CuCrZr sub
strate and inside the Sn drop. In particular, the presence of η and ε 
phases is highlighted by the different contrast of the grayscale SEM 
image and confirmed by the EDX map which evidenced for the two 
phases the same compositions reported in paragraph 3.2. The latter 
analysis suggests that the growth of IMCs (see Fig. 7(c) and (d)) leading 
to the deformation and breakage of the W film is the reason behind 
extended corrosion, in agreement with the findings of the previous 
Section. Likewise, the presence of compressive stress state, which is 
confirmed by both the curvature of W-800 film in Fig. 7(e) and by XRD 
measurements, can play a role in determining the sample corrosion. 
Moreover, despite the longer test duration, in Fig. 7(e) the coating is still 
recognizable both on the substrate and inside the Sn drop. This once 

Fig. 6. Macroscopic morphologies of the (a) pure-W (US = 800 V) and (b) W–Al coated samples after exposure to liquid Sn at 400 ◦C for 600 min.
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again demonstrates the corrosion resistance of W in liquid Sn and its 
potentiality as protective barrier.

Considering the W–Al coated samples, Fig. 8 shows results related to 
both unaffected and corroded regions. Fig. 8(a) and (b) refer to a sample 
in which the coating allowed to keep unaltered the underlyng CuCrZr 
substrate, avoiding the penetration of liquid Sn whose solid residues are 
visible in Fig. 8(a), (b) and (c) on top of the coating. Specifically, the 
addition of Al in the coating (see Fig. 8(e) and (f)) does not seem to have 
altered or worsened the inert behaviour in contact with liquid Sn 
demonstrated and observed for pure W. Fig. 8(g) and (h) refer to a W/Al 
sample in which liquid Sn penetration occurred. The depth and exten
sion of corrosion are more confined with respect to the pure-W coating 
case. However, as can be appreciated from Fig. 8(i) and (l), the growth of 
IMCs at Sn/Cu interface appears more pronounced if compared to the 
smaller size of the affected region. Also in this case, the same compo
sitions reported in paragraph 3.2 were retrieved by EDX measurements.

Some hypotheses can be advanced to explain the distinct evolution of 
corroded regions in presence of liquid Sn for the two types of coatings. In 
both cases, the specific coating composition is not itself the cause of 
corrosion, since the results of the tests suggest that, even if damaged, 
coatings are not dissolved in the LM. Probably, the penetration of liquid 
Sn is promoted in correspondence of highly irregular, but circumscribed, 
substrate surface regions characterized by a not optimal uniformity and 
quality of the coating. When the localized attack begins, the two coat
ings show a different behaviour with respect to the formation of IMCs. 
Specifically, the W-800 coating is not able to limit the action of Sn, but 
rather it allows a rapid expansion of the corroded region. This can be 
related to its morphology which, although very compact due to the 
application of an extremely high substrate bias voltage, could cause a 
brittle behaviour if subjected to external deformation. Consequently, the 
formation of IMCs at the boundary between substrate and coating causes 
the damage and breakage of the latter. In addition, the curling of the 
pure-W film due to its compressive stress state further increases the 
contact area between liquid Sn and CuCrZr. Therefore, the corrosion 
process is facilitated by the unhindered penetration of liquid Sn towards 
the substrate. The contact between a large mass of Sn and the CuCrZr 
substrate leads to the dissolution of a significant amount of Cu inside the 
LM, causing the corrosion interface to progress rapidly and the nucle
ation of IMCs to start even far from the interface. The thickness of IMCs 
therefore remains limited compared with Sn penetration depth. Indeed, 

due to the fast and continuous penetration of liquid Sn, IMCs have a 
short time available to grow at the progressing interface and their in
crease in size within the corroded region is relatively limited. On the 
contrary, the picture is different considering the W–Al coating. As 
assessed by morphology and XRD analysis, this coating is constituted by 
a central amorphous-like W–Al layer and by an external pure-W “top 
layer” with features similar to the one of W-800 coating. Thus, on the 
one hand, the latter layer guarantees the same inert behaviour shown by 
the pure-W coating with respect to liquid Sn. On the other hand, if 
corrosion starts, the peculiar microstructure of the W–Al layer could 
favour a more plastic and ductile response of the coating, as demon
strated in previous works related to Al–Mo alloyed films with 
amorphous-nanocrystalline phase [51,69]. The improved ductiliy, in 
turn, better mitigates the distortion caused by the IMCs formation at the 
substrate-coating interface. As a consequence, the more plastic behav
iour could partially slow down and limit the penetration of liquid Sn. 
Therefore, the reduced amount of penetrating LM requires the dissolu
tion of a smaller Cu mass to reach the supersaturation condition that 
triggers the growth of IMCs at the interface. This results in a larger 
volume occupied by IMCs within the restricted corroded area, which is 
an indication of how long liquid Sn remained in contact with the same 
Cu substrate region. Specifically, if the liquid Sn remains confined in a 
relatively small region of the sample for a long period, more time is 
available for the growth of IMCs and, as observed, they increase in size 
compared to the penetration depth. Thus, even in case of local failure, 
the characteristics of the W–Al coating allow to confine corrosion to a 
limited area, unlike to what happens in presence of the more crystalline 
pure-W coating. In this respect, an effect played by the higher thickness 
of W–Al coatings compared to the pure-W ones cannot be entirely 
excluded, but to a lower extent if compared to effects connected to 
morphology and microstructure differences.

4. Conclusions

This work investigated the performance of pure-W and multilayer 
W–Al coatings against liquid Sn corrosion under temperature condi
tions relevant for nuclear fusion. Specifically, coatings exhibiting 
different morphological and microstructural properties were obtained 
by exploiting different HiPIMS deposition strategies (i.e., substrate 
biasing and co-sputtering). In this respect, HiPIMS proved to be an 

Fig. 7. (a) Optical microscopy and (b) SEM cross-sectional images of a corroded W-800 coated sample exposed to liquid Sn for 600 min. The SEM image 
approximately corresponds to the region delimited by the white line in the optical microscopy image. (c-e) EDX maps of a corroded W-800 coated sample. In panels 
(c) and (d) the formation of IMCs is evident both at the interface region and inside the Sn drop. In panel (e) the W coating can be recognized.
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effective tool to tune W-based coatings properties down to the nano
scale. Thus, it was possible to assess not only the inertness of the pro
duced W-based materials when in contact with liquid Sn, but also the 
role of different characteristics of the coatings (e.g., morphology, crys
tallinity) on their protective performance.

Corrosion tests were performed in the static droplet approach at a 
temperature of 400 ◦C for up to 600 min. On the one hand, all the 
produced W-based coatings did not exhibit a dissolution process 
following the interaction with liquid Sn. This suggests that an inert 
behaviour with respect to liquid Sn corrosion can be attributed to W- 
based coatings, confirming what is reported in the literature for the bulk 
material. On the other hand, the specific morphology and microstruc
ture of the coatings influenced their ability to prevent liquid Sn attack 
towards the underlying CuCrZr substrate. Corrosion tests indicated that 

the most relevant failure mechanism involves irregularities in the 
coating surface caused by substrate roughness and defects. Indeed, once 
the penetration of liquid Sn started in correspondence of these limited 
but defective regions, the subsequent interaction with the CuCrZr sub
strate led to the formation and growth of Intermetallic Compounds 
(IMCs). The expansion of IMCs at the coating-substrate interface acted as 
an external deformation on the coating. This induced brittle failure on 
columnar pure-W coatings, facilitating liquid Sn diffusion and Cu 
dissolution. On the contrary, the expansion of IMCs represented a less 
detrimental process in the case of mixed coatings with amorphous-like 
features. Thus, they were able to limit corrosion to a confined region 
of the sample, while leaving unaltered most of the surface interaction 
area. These results allow to conclude that while all the W-based coatings 
exhibit an inert behaviour with respect to liquid Sn interaction, the 

Fig. 8. (a) Optical microscopy and (b) SEM cross-sectional images of an unaltered W–Al coated sample. EDX maps (c-f) confirm that the CuCrZr substrate and liquid 
Sn did not interact. Specifically, in panel (b) the presence of Sn solid residues on top of the W–Al coating can be noted. In panels (e) and (f), the signals of W and Al 
outside the region of the coating are related to the mechanical cutting procedure performed to analyse the cross section of the sample. (g) Optical microscopy and (h) 
SEM cross-sectional images of a corroded W–Al coated sample. The EDX maps (i-n) allows to appreciate the size of the corroded region and the extension of IMCs. 
The SEM images in panels (b) and (h) approximately corresponds to the region delimited by the white line in the panels (a) and (g), respectively.
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specific film characteristics obtained by HiPIMS majorly influence their 
barrier effectiveness. Notably, among the types of films investigated in 
this work, corrosion tests evidence the superior performances of the 
engineered W–Al multilayer coating, which represents a promising 
candidate to protect CuCrZr components from liquid Sn corrosion in 
future liquid metal divertor concepts. Based on these observations, the 
research activity should continue in a twofold direction. Concerning 
coatings characterization, the connection between mechanical proper
ties and the observed protective behaviour must be investigated. Addi
tionally, since surface imperfections will be unavoidable in a realistic 
component, the role of substrate roughness and coating thickness must 
be addressed in future corrosion experiments.
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