&) _nuclear
%:gfusmn

PAPER

Wetting and spreading of liquid lithium onto nanocolumnar tungsten
coatings tailored through the topography of stainless steel substrates

To cite this article: S. Mufioz-Pifia et al 2020 Nucl. Fusion 60 126033

View the article online for updates and enhancements.

This content was downloaded from IP address 147.96.218.171 on 03/02/2021 at 10:14


https://doi.org/10.1088/1741-4326/abb53e
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssIF8HY54vTccFK5G7nsjSK0-1Vnrk6kXVqfvAojVUzLs7aVC_ozG_-Oib_k-HzsntuzYpa7BOVFOd4ux9Q7zIVkCBVcrHvlnBVms4C2D1TkzwGwKQl4VlDqOImUhnEIMEsAKsDaVL2e-5YRTki_IerDh5WcMkENvLReupNnz2BUJSBQdQcOhw-zOXqu3vOjGKwwc9dv1-uMIrYoxC0cJ_hMux8B26Zqre-D0necN8s8YjygDGkJiCAOwceiRP9YQNANjvGaS5mIOB0w9Db_BwO&sig=Cg0ArKJSzFMlAY01fTru&adurl=http://iopscience.org/books

1OP Publishing | International Atomic Energy Agency

Nuclear Fusion

Nugl. Fusion 60 (2020) 126033 (11pp) https://doi.org/10.1088/1741-4326/abb53e

Wetting and spreading of liquid lithium
onto nanocolumnar tungsten coatings
tailored through the topography of

stainless steel substrates

S. Mufioz-Pifa'->®, A. Garcia-Valenzuela’©, E. Oyarzabal®, J. Gil-Rostra’

, V. Rico’®,

G. Alcala’*®, R. Alvarez>’©, F.L. Tabares*®, A. Palmero’® and A.R. Gonzalez-Elipe’

! Nano4Energy SLNE, c/Jose Gutiérrez Abascal 2, 28006 Madrid, Spain

2 Universidad Complutense de Madrid, Facultad de Ciencias Quimicas, Dep. Ingenieria Quimica y de
Materiales, Av Complutense s/n, 28040 Madrid, Spain

3 Instituto de Ciencia de Materiales de Sevilla (CSIC-US), Américo Vespucio 49, 41092 Seville, Spain
4 CIEMAT, Fusion Department, Av Complutense 40, 28040 Madrid, Spain

5> Departamento de Fisica Aplicada I, Escuela Politécnica Superior, Universidad de Sevilla, c/Virgen de
Africa 7, 41011 Seville, Spain

E-mail: alberto.palmero@csic.es and paco.tabares @ciemat.es

Received 13 July 2020, revised 31 August 2020
Accepted for publication 4 September 2020
Published 21 October 2020

CrossMark

Abstract

The use of liquid metal as an alternative to cover the plasma-exposed areas of fusion reactors
has called for the development of substrates where refilling and metal spreading occur readily
and at reasonably low temperatures. In the search for common materials for this purpose, we
show that nanostructured tungsten coatings deposited on stainless steel (SS) by magnetron
sputtering at oblique angles (MS-OAD) is a good option, provided that the surface
microstructure of substrate is properly engineered. Tungsten thin films with nominal thicknesses
of 500 and 2500 nm were deposited onto SS plates subjected to conventional surface finishing
treatments (sand blasting, sand paper abrasion and electrochemical polishing) to modify the
surface topography and induce the appearance of different groove patterns. In the first part of
this work we show how the topographical features of the SS substrates affect the typical
nanocolumnar microstructure of OAD thin films of tungsten. Subsequently, we characterize the
spreading behavior of liquid lithium onto these tungsten nanocolumnar surfaces and critically
discuss whether nanocolumnar tungsten thin films are a suitable option for the wetting and
spreading of molten lithium. As a result, we reveal that the features of the tungsten
nanocolumnar coating, characterized by a given height and void spaces between nanocolumns
in the order of 1-2 pum, is critical for the spreading of molten lithium, while the existence of
wider channels affects it very weakly. Moreover, it is shown that tungsten films deposited by
MS-OAD on SS substrates subjected to conventional finishing procedures represent a good
alternative to other more complex surface engineering procedures utilized for this purpose.

Supplementary material for this article is available online

Keywords: tungsten films, OAD, MS, liquid lithium, CPS, PFC, divertor targets, wetting,
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1. Introduction

The selection of suitable plasma facing components (PFC) for
future fusion reactors, able to withstand power densities up to
20 MW m~2 in a cyclic operation, is a challenge that is pushing
the development of a large variety of innovative solutions [1].
Although solid tungsten is the base line option for operational
power densities up to 10 MW m™ as those expected in ITER
[2], the higher powers foreseen for other reactors, together
with the need of withstand strong neutron irradiation and high
temperatures, have motivated the search for alternative mater-
ials and magnetic configurations. Among the firsts, liquid
metals (LMs) have emerged as a mature and suitable alternat-
ive because, contrary to solid materials, they avoid a perman-
ent damage of walls and offer refilling and substitution capa-
cities that are critical for this application. Lithium, tin and their
alloys are being considered as suitable LMs at present [3]. In
this way, and even though free flowing concepts have been pro-
posed to enable continuous particle and power exhaust opera-
tion [4], static designs, based on the use of capillary forces to
hold the LM onto the reactor walls, are the preferred options in
current proposals. One of the available designs is the so-called
capillary porous system (CPS) [5], in which a liquid metal
pool is put into contact with a porous metallic mesh through
which the LM can flow. Typical pore sizes are in the range of
few microns and, although smaller pore radii would involve
higher capillary holding forces, other undesired phenomena,
such as viscosity-associated effects that hinder the refilling of
the surface exposed to the plasma [6] as well as other material-
related compatibility issues such as corrosion, embrittlement
or hydrogen solubility limit the design and final choice of
materials.

In the quest for the most adequate solution, there is an
intense search to find optimal geometries and topographies
for CPS. Molten lithium capillary pumping can be integ-
rated into the PFC by adapting the surface to promote wick-
ing. Sintered porous materials, wire meshes, and other dir-
ect metal vapor deposition methods have been shown to be
capable of passively wicking molten lithium [7]. However,
neither sintered porous materials nor wire meshes can be eas-
ily integrated into a structural material in a plasma environ-
ment. A method to produce a structure capable of promot-
ing the wicking of liquid metals, is to machine narrow chan-
nels with widths on the scale of tens of microns into the sur-
face of the PFC. Laser micro machining is one of the means
employed to produce these features with minimal impact
on the underlying high temperature and structural material
properties [8, 9].

In this work, we investigate the possibility of using nano-
structured tungsten coatings deposited on conventional stain-
less steel (SS) substrates as efficient spreading surfaces of
LMs. The main concept sustaining this proposal is the fabric-
ation of nanostructured surfaces of tungsten where a LM may
effectively diffuse thanks to superficial capillary forces acting
as in the CPS approach [5]. This combination of a SS sub-
strate and a tungsten coating offers the synergetic advantage

of combining a relatively cheap and easily malleable substrate
material (SS) with a tungsten coating of proved chemical res-
istance to LMs. Although the poor thermal conductivity of
SS precludes its use in high heat flux components of fusion
reactors, the technology developed here can be easily extended
to more relevant substrate materials, such as tungsten and its
alloys. In particular, for the manufacturing of the investigated
W/SS layered system, we have subjected the SS substrates to
conventional abrasion and finishing procedures to modify their
roughness and surface topography and to design certain pat-
terns onto their surface. Then, tungsten thin films of approxim-
ately 500 and 2500 nm of thickness were deposited onto these
substrates by magnetron sputtering in an oblique angle con-
figuration (MS-OAD), well-known for promoting the growth
of nanocolumnar and highly porous layer structures [10].
This configuration relies on the oblique incidence of gaseous
deposition species on a substrate that, thanks to so-called sur-
face shadowing mechanisms, initiate a self-organization phe-
nomenon that end up with the formation of tilted nanocolum-
nar structures. While these layers have been classically grown
by the evaporation technique [11], MS-OAD has emerged
in the last years as a versatile and reliable approach [12]:
in this case, gaseous deposition species are produced by the
interaction between a plasma and a solid target in a vacuum
reactor [13] and are subsequently deposited on a substrate
[14]. Most common strategies to achieve the oblique incidence
of sputtered species rely on tilting the substrate holder with
respect to the target [15], although there are other geometrical
approaches [16].

Porous nanocolumnar coatings grown in an oblique angle
configuration have been deeply studied for numerous applica-
tions [17-20]: these are formed by a vast array of tilted nano-
columnar structures with diameters in the order of few tens nm
and a typical center-to-center distance from few hundred nm
to few microns [21], conforming a well-connected open and
embedded nano/micro channel network [22]. On conventional
flat substrates, these nanocolumnar structures distribute homo-
geneously over the surface and define a rough surface topo-
graphy with typical sizes below those of common CPS sur-
faces. Yet, despite its obvious importance, little is known about
the influence of the roughness or topographic patterns on the
substrate on the nanostructure of OAD films [23-26], which is
known to affect the nano/micro channel network: in a previous
publication, we demonstrated that when the substrate contains
large topographic patterns, the nanocolumnar arrangement
tend to enhance these patterns, up to a critical film thickness,
the so-called Oblivion Thickness, with typical values in the
order of few microns [16], above which the columnar arrange-
ment tends to randomize and spread homogeneously over the
substrate, likewise on a flat surface. This result opens up the
possibility to tailor the features of the film nanocolumnar net-
work, i.e. void size distribution and connectivity, by using
wisely chosen patterned substrates, as long as the film thick-
ness is kept low enough. The main aim of the present work
is to develop a surface that, preserving the typical features
of MS-OAD thin films, may reproduce a CPS effect through
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the deposition of nanocolumnar tungsten onto SS patterned
surfaces.

Herein, we empirically apply these concepts to the MS-
OAD of tungsten thin films on previously abraded and/or pat-
terned SS substrates and characterize the evolution of surface
topography of the studied W/SS systems as resulting from
an interplay between deposition geometry and influence of
substrate roughness/pattern. This analysis has provided clear
guidelines for the fabrication of surface nanostructures cap-
able of reproducing the function of a CPS spreading layer.
Lithium wetting and spreading tests carried out onto differ-
ent W/SS specimen showed a better spreading of LM onto
W/SS surfaces where deposited tungsten preserves the nano-
columnar topography found on ideal flat substrates or where
film nanocolumns arranged along 1D large grooves previ-
ously carved on the SS substrates. The topographic charac-
teristics of some of these W/SS surfaces are critically dis-
cussed in relation to their capacity to favor the spreading
of a LM.

2. Experimental

2.1. Stainless steel substrates

SS substrates of 2 x 2 cm? (grade 304) were used for the dif-
ferent experiments. Si (100) substrates of 1 x 1 cm? were used
for specific characterization of the deposition of W thin films
on a flat substrate. SS substrates were polished by different
methods as summarized in table 1 and labeled as indicated
there. Substrates #1 and #2 correspond to a flat silicon wafer
piece and to a pristine SS foil. Substrates #3 were obtained by
sandblasting #2 type substrates in a perpendicular arrangement
to the sand flux for 1 min. A standard sandblasting machine
was employed for this purpose (Chorreadora, model: mega
and system seco made by Abrasivos y Maquinaria S.A.). Sub-
strates #4 were obtained by means of a Struers Labopool 5
automatic polishing machine using different abrasive grade
sandpapers. In this way, #2 type substrates were kept at a
fixed position in contact with a rotating plate of ca. 50 cm dia-
meter at a speed of 200 rpm. The abrasive grade of the sand-
paper was changed after each minute of treatment following
this sequence: P240 (abrasive particle diameter 55 pm), P400
(abrasive particle diameter 35 pm), P600 (abrasive particle
diameter 25 pm) and P800 (abrasive particle diameter 20 pm).
Substrates type #5 were obtained by continuing the sequence
employed for substrates #4 with a P1200 (abrasive particle dia-
meter 16 pm) and a P2500 (abrasive particle diameter 5 pm)
grade sandpaper. Substrates #6 were obtained by taking sub-
strates type #5 and continuing the polishing process with a
Struers DP-Spray ~ 3 ym and a ~ 1 gm polycrystalline dia-
mond particles sprayed cloth for 1 + 1 min. Finally, sub-
strates #7 were obtained by applying an electrochemical pol-
ishing method on substrates #6: half part of substrate #6 was
covered with a Kapton tape for protection and the piece was
submerged into a solution of H;PO4:H,SO,4 (42 ml H3PO,4 and
28 ml H,S0,). Electropolishing was carried out by applying
a constant current of 1 A with an ISO-TECH power supply

IPS1603D for 300 s [27]. In this way, half substrate is type #6
and the other half type #7.

2.2. Characterization procedures

Confocal microscopy analysis was carried out with a ZEISS
LSM 7 DUO microscope in the CITIUS of the University
of Seville. Surface roughness of the samples was obtained
from the confocal surface images by calculating the quad-
ratic dispersion of the surface heights. Reflectivity spectra
were recorded at 30° incident angle using a Cary 100 instru-
ment. Field emission scanning electron microscopy (FESEM)
images were recorded using a Hitachi S4800 microscope at
the Instituto de Ciencia de Materiales de Sevilla (CSIC-US,
Seville, Spain). Film thickness was checked in all the cases by
analyzing cross-sectional FESEM images of the films grown
on Si (substrate #1).

2.3. Deposition and characterization of nanocolumnar
tungsten thin fims

All substrates #1—#7 were coated following the same proced-
ure. W films were grown using the magnetron sputtering setup
described in reference [17]: a 7.5 cm diameter W target was
used, while the substrate holder was grounded and located
7 cm apart, maintaining an argon pressure in the reactor of
0.2 Pa. Moreover, it was turned an angle of 100° with respect
to the target surface to ensure that the W atoms steaming from
the racetrack (radius ~2.5 cm) arrived at the substrate along an
average angular direction of 85° with respect to the substrate
normal [28]. Films were grown on substrates #1—#7 in two dif-
ferent runs. The targeted film thickness was 500 and 2500 nm,
respectively (deposition time of 80 and 400 min, respectively),
that were corroborated by the cross-sectional FESEM images
of the films deposited on substrate #1. Samples will be desig-
nated in the text according to: W/#substrate-thickness, where
thickness refers to the equivalent thickness of W determined
on a flat substrate during the same deposition experiment, for
example, sample W/#5-2500 refers to a sample consisting of
a thickness of 2500 nm of tungsten deposited on substrate #5.

The FESEM images of the nanocolumnar film were ana-
lyzed by means of a home-made image analysis software
(IDUN, Image Domains Uncovered) that analyzed the colum-
nar arrangement and coalescence, already employed in ref
[29]. The software IDUN identifies all well-connected regions
in a given image, and operates following the sequential pro-
tocol: (i) the brightness and contrast of the image are locally
enhanced to avoid inhomogeneities; (ii) the image is conver-
ted into a black and white binary map; (iii) features with size
below certain threshold are considered noise and are removed
and (iv) a MatLAB-based numerical routine is employed to
differentiate each independent domain (two columns are con-
sidered to belong to the same domain if there is a continuum
path from one to the other). A version of this software, incor-
porating a user-friendly interface, can be freely downloaded
from our webpage [30]. For more details on the IDUN soft-
ware, please check the user manual.
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Table 1. List of substrates and polishing technique employed for their surface finishing. Last column indicates the surface roughness® of

each substrate as obtained by confocal microscopy.

Polishing Features Roughness

#1 No Silicon (100) Substrate. <1 nm

#2 No Original stainless steel substrate. 350 nm

#3 Sandblast Standard treatment. 1350 nm
#4 Sandpaper Struers Labopol 5 automatic polishing machine. Sandpaper with final abrasive grade of P800. 120 nm

#5 Sandpaper Struers Labopol 5 automatic polishing machine. Sandpaper with final abrasive grading of P2500. 70 nm

#6 Polishing cloth Final treatment with ~ 1 pzm polycrystalline diamond particles sprayed cloth 50 nm

#7 Electrochemical Methods Standard H3;PO4:H;SO4.based method. 35 nm

?Roughness defined as the quadratic dispersion of surface heights.
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Figure 1. (Top) Series of photographs of substrates #2—#6/7.
(Bottom) Reflectance spectra of substrates #2—#6/7.

2.4. Li wetting experiments

To prove the LM spreading performance of W/SS systems,
several experiments have been performed at the Plasma Wall
Interaction Laboratory (CIEMAT). The set up consists of a
stainless steel vacuum chamber with an oven filled with lith-
ium that can be heated up to 600 °C with a resistance heater. It
also has a sample manipulator that allows for the free move-
ment of samples inside the chamber. On the upper part of the
oven, a window with a shutter to avoid lithium deposition/con-
densation on the glass provides direct visual inspection of the

state of the samples during the experiments. The wetting tem-
perature of the samples is achieved by manually dipping the
sample in successive LMs at increasing temperatures. Tests
started at 250 °C-300 °C, and the sample was inserted in the
LM at 10 °C intervals for 10 s (the time that samples need to
thermally equilibrate with the liquid lithium) and then extrac-
ted to visually observe if the specimen wetted or not.

Once reached the wetting temperature, the oven is fur-
ther heated up to around 400 °C—-420 °C to follow the evol-
ution of the wetted area of the samples. An image of the
specimen is obtained for each temperature to record the
changes. Two relevant temperatures were taken into con-
sideration for each sample, the temperature at which ini-
tial wetting is observed (Ty), and the temperature at which
the Li starts to spread out above the zone inserted in the
liquid (Ts). Results for a typical experiment are repor-
ted as supplementary material, where figure S1 (available
online at https://stacks.iop.org/NF/60/126033/mmedia) shows
as example a series of images taken for specimen W/#5-2500
after immersion in the LM at 10 °C intervals from 350 °C to
380 °C. Itis apparent in these images that the LM initially wets
the surface and then progressively spread onto the specimen
surface. From this set of images, we can define a Tw of 360 °C
and a Ts of 380 °C for this particular sample. For specimen
with a directional surface pattern (see results section), wetting
experiments were performed along a vertical and a horizontal
orientation of the grooves with respect to the LM surface in
order to observe a possible effect of orientation in the wetting
and spreading of the LM. All these measurements were taken
with a chamber pressure in the range (1.3-6.6) x 10 Pa

3. Results and discussion

3.1 Surface morphology of SS substrates

Figure 1 shows a basic characterization of the different SS sub-
strates (#2—#7) employed for the experiments. In figure 1(a),
showing the optical images of the substrates, it is apparent that
the polishing method directly affects the reflection of light and
transforms the specimen aspect from mate to mirror-like. The
measured reflectivity spectra of the substrates at an angle of
30° are shown in figure 1(b), where we can notice that the ori-
ginal (#2) and sandblasted (#3) substrates have reflectivity val-
ues lower than 15% and 5% respectively in the whole studied
spectral range, whereas higher reflectivity values are found for
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Figure 2. Optical confocal microscopy images and linear
topographic profiles taken along the lines marked in the
micrographs (two different profiles, of lengths 210 pm and 40 pm,
for each one) for substrates #2—#6/7 as indicated. The linear profiles
clearly visualize the lateral and in-depth dimensions of the grooves
and topographic features existing in the substrates. For comparison
purposes, the 210 pm long profiles all have the same Y scale (except
for the roughest one, at (b), with a magnification 6 times lower). For
the 40 pm long profiles the Y scale has been chosen to maximize
the detail level. The magnification factors relative to the 40 pm
profile in (a) are: 0.17 for (b); 2.00 for (c); 2.86 for (d); 3.33 for (e),
and 6.67 for (f).

substrates #4, #5, #6 and #7. The different reflectivity of SS
substrates is a result of their different surface features/rough-
ness, as determined by confocal microscopy (see the confocal
images and lineal roughness profiles in figure 2 and the meas-
ured roughness parameters in table 1). From these morpholo-
gical characterization data it appears that the original substrate
#2 (figure 2(a)) possesses a granular surface with a typical
grain diameter of few microns, which determines a relatively
high roughness value of ~ 350 nm. The fact that this original
substrate is not polished and contains numerous imperfections

and damaged areas, explain its low reflectivity and high rough-
ness. The surface of the sandblasted substrate #3 in figure 2(b)
presents an even greater damage and the appearance of large
irregular structures that render a value of surface roughness of
about ~ 1350 nm, i.e. 3—4 times higher than that of the original
substrate. This causes the light to be highly dispersed, with a
reflectance below 5% (figure 1(b)). Interestingly, the surface
features in substrate #3 were approximately three times higher
and two-three times wider than in sample #2 (see linear pro-
files in figure 2). Substrate #4 was obtained after sequentially
polishing substrate #2 with different abrasive sandpapers with
small particle size. Its topographic image and linear profiles
(depicted in figure 2(c)) show the presence of well-defined
and regular linear grooves with heights ranging between 0.3—
0.5 pum that are separated by about 6—7 um. The calculated
surface roughness of this substrate was 120 nm. This value,
lower than that of the original substrate (#2) and much lower
than that of the sandblasted one (#3), accounts for a reflectiv-
ity up to 50% at long wavelengths, substantially higher than
that of the previous two cases. Moreover, substrate #5, which
underwent a similar finishing procedure but using an addi-
tional abrasive sandpaper treatment with particle sizes down
to 5 pm, depicts a similar topography (see figure 2(d)) where
the grooves separated by a similar 6-7 pum width have now
a smaller height between 0.1-0.3 pm. The calculated surface
roughness of this substrate is 70 nm and its reflectivity var-
ies from 35% (for wavelengths of ~ 200 nm) up to 70% (for
wavelengths of ~ 900 nm) (see figure 1(b)). Substrate #6 in
figure 2(e), obtained from #5 after polishing with diamond
nanoparticles with sizes down to 1 yum and a polishing cloth,
shows some traces of the grooves existing in #5, but the surface
roughness has been reduced down to ~50 nm and the height
of surface features to 0.1-0.2 pm, yielding a higher reflectance
around 70% for wavelengths between 200 and 900 nm (see
figure 1(b)). Finally, substrate #7, obtained applying an addi-
tional electrochemical polishing procedure, depicts a surface
with no apparent patterns and a minimum surface roughness of
~ 35 nm (see figure 2(f)), feature height less than 0.1-0.2 ym
and a reflectance profile around 60% in whole spectral range
under study (figure 1(b)).

3.2. Growth of nanocolumnar OAD W thin fims on rough and
patterned substrates

To understand the growth of the nanocolumnar OAD tung-
sten films on the rough and patterned SS substrates, we firstly
analyzed the deposition process on a flat surface (substrate
#1). Figure 3 shows the top-view and cross-section FESEM
micrographs of an OAD W thin film of 2500 nm thickness
grown on a Si substrate. The microstructure of this thin film is
made up of large tilted isolated nanocolumns and bundles of
nanocolumns of approximately 2 pm height and separated by
void spaces with typical lengths varying between 1 and 3 pm.
The nanocolumns are asymmetric in cross section and have
an average width below 1 pm at the tip head. Their average
surface density is roughly 180 nanocolumns per 400 pm?.
Interestingly, these nanocolumns develop from a first layer
denser in smaller and thinner nanocolumns (see micrographs
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Figure 3. (a) Top view and () cross section FESEM micrographs of a tungsten thin film of 2500 nm thickness deposited onto a silicon

substrate.

in figures 3(a)—(b)) with lengths of around 500 nm. A growth
process characterized by the self-organization of the initially
formed small nanocolumns is a typical feature of OAD thin
films, which is exalted for the tungsten films prepared in the
present work where deposition has been carried out at a very
high glancing angle (see experimental section). This evolu-
tion can be understood as the result of a competitive growth
of nanocolumns mediated by surface shadowing mechanisms
[10-12, 16].

The nanostructuration mechanism of OAD thin films is
modified when performing the deposition on treated SS sub-
strates characterized by different surface topographies. The
evolution in surface microstructure follows the general prin-
ciples of the deposition of OAD thin films on rough sub-
strates [16]. Figure 4 shows the FESEM images of the differ-
ent W/#SS specimens prepared in the present work for the two
equivalent thicknesses of tungsten described in section 2.3. In
this set of images, it is apparent that in specimens W/#SS-
500 the big surface features characterizing the different #SS
substrates remain almost unaltered, though small features due
to the little nanocolumns typical of the 500 nm tungsten thin
films superimpose on the original topography (see figure 3).
According to the available knowledge about the growth of
OAD thin films on rough substrates, this situation is typical
of the substrate-driven growth stage appearing for thin OAD
thin films with a thickness smaller than the oblivion thickness
[16].

The situation drastically changes for tungsten thin films
of 2500 nm equivalent thickness. In this case, well-defined
nanocolumns, similar to those found on the flat silicon sub-
strate (see figure 3), are produced on all #SS substrates but
#3. The absence of well-defined tungsten nanocolumns in
sample #3/W-2500 indicates that the large surface protrusions
existing in the SS sand-blasted substrate preclude the shadow
mechanisms responsible for the formation of nanocolumns

[16, 31, 32]. This can be explained assuming that the big sur-
face features at the substrate surface induces a broad distri-
bution of local incidence angles for the sputtered W atoms,
inhibiting the formation of nanocolumns over its surface (this
basic tendency does not contradict the appearance, confined to
small areas, of small nanocolumns in specimen #3/W-500 nm).
In samples W/#6-2500 and W/#7-2500, where the SS substrate
is characterized by a much smaller roughness, large and well-
defined tungsten nanocolumns appear randomly distributed
onto the surface. In specimens W/#4-2500 and W/#5-2500,
similar nanocolumns arrange along the grooves featuring the
surface of these SS substrates. Regarding the growth pro-
cess mechanisms, the formation of tungsten nanocolumns in
specimen W/#2,/#4,/#5,/#6,/#7-2500 correspond to a growth
defined by substrate features [16]. In the same line, micro-
graphs in figures 4(i) and (I) also suggest that the equivalent
thickness of 2500 nm is closer to the Oblivion Thickness for
substrates #4 and #5, although the specific features of the sub-
strate topography still remain noticeable after the deposition
of these thicker films.

3.3. LM wetting and spreading on W/#SS

The tailored growth of different thin film morphologies medi-
ated by the topography of SS substrates provided a variety of
tungsten surfaces with different responses towards LM wet-
ting and spreading. Figure 5 shows the evolution of the two
critical temperatures (Ty, and T;) for the studied #SS substrates
and W/#SS specimen. It is apparent in figure 5(a) that Ty, for
specimen W/#SS-500 and W/#SS-2500 only varied within the
short interval comprised between 330 °C and 360 °C, while
larger variations occurred for the bare #SS substrates, where
T,, decreased following the same tendency that the roughness
(see table 1), from 360 °C (sample #2) to 270 °C (samples
#6/7). These evidences sustain that for flat specimens wetting
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No Film

Figure 4. SEM top view micrographs of #SS substrates and specimen W/#SS-500 and W/#SS-2500 (from #2 to #7 as indicated). The scale

of all the images is the same as that in (a).

temperature is primarily controlled by the nature of the mater-
ial (i.e. SS or W) in contact with the LM, and that T\, signific-
antly decreased for the flatter #SS substrates. Changes in wet-
ting contact angle of LM have been found on laser patterned
SS [8, 9, 33] or as a function of chemical composition of the
substrates [34]. Meanwhile, according to figure 5(b), T values
for the #SS substrates were also lower (i.e. below 370 °C) than
for the W/#SS specimens, where this parameter increased to

ca. 430 °C for the rougher specimens W/#2-500, W/#2-2500
and W/#3-2500 (see table 1 and figure 2).

Photographs in figure 6 characterize the LM spreading
capacity of the different specimens. These images along with
the measured spreading distances also included in the fig-
ure show that the length of LM spreading on the #SS sub-
strates, and specimen W/#SS-500, W/#3-2500 and W/#4-2500
was smaller than that found for W/#2-2500, W#5-2500 and
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Figure 5. Wetting and spreading temperatures for samples #SS and
W/#SS. (a) Ty values presented in bar diagrams for W/#SS-500 and
W/#SS-2500 specimens prepared onto substrates #2—#6/7 as
indicated. (b) Idem for T values.

W/#6/7-2500, where the front lines reached maximum dis-
tances. According to figure 4, a common morphological fea-
ture in these four specimens is that deposited tungsten forms
well-defined nanocolumns separated by average distances in
the order of 1-2 microns and morphological characteristics
similar to those reported for sample W/#1-2500 in figure 3. We
hypothesize that, similarly than for laser treated surfaces [8, 9],
the separation between tungsten nanocolumns and their partic-
ular morphology optimize the capillary forces that favor LM
spreading through the surface. To get a deeper insight into pos-
sible correlations between surface nanostructure and spread-
ing behavior, table 2 summarizes the morphological features
of the tungsten layers in the studied W/#SS-2500 specimen
and relates them with the LM spreading capacity. For a more
straightforward analysis, the heads of tungsten columns or lay-
ers in the micrographs included in this table have been high-
lighted in yellow using the procedure described in the experi-
mental section.

According to the data in figure 6 and the analysis in table
2, improvement of LM spreading with respect to the bare

#SS substrates and specimen W/#SS-500 occurred on spe-
cimens W/#2-2500, W/#6-2500 and W/#7-2500, where W
forms nanocolumns separated by distances of 1-2 microns,
similar to those existing in sample W/#1-2500 (see figure
3). These evidences support that a surface void morphology
formed by interconnected channels of this width separat-
ing tungsten nanocolumns of a similar height constitutes an
optimum topography for the spreading of LM, whereas the
existence of wider channels seems to affect very weakly. In
this regard, it is interesting that specimens W/#4-2500 and
W/#5-2500 depicted a certain anisotropic spreading behavior
characterized by a slightly higher LM front line in the direc-
tion of the grooves and less in the opposite direction where,
according to the analysis in table 2, the tungsten nanocolumns
are separated by larger distances (see supplementary mater-
ial, figure S2). This slight difference sustains that spreading is
partially hindered when the distance between W nanocolumns
is large, as it happens for the rows of W nanocolumns pref-
erentially grown on the hillocks of grooves existing in these
samples. Recent Molecular Dynamic simulations of the capil-
lary forces intervening during the preferential LM spreading
in lineal grooves have shown that diffusion capacity strongly
depends on surface feature size [35]. In line with these model
calculations, our results here open the way to develop surface
structures where moving molten Li preferentially in a giving
direction would be possible through a proper tailoring of sur-
face void microstructure.

4. Summary and conclusions

The reported Li wetting results indicate that the type of mater-
ial, either SS or W, directly in contact with the LM is an
important factor controlling the wetting temperature. Interest-
ingly, while roughness contributed to increase T, in SS, it
only plays a secondary role for tungsten-terminated surfaces.
In this case, the designed differences in tungsten layer micro-
structures, at least in the range considered in this study, do not
significantly affect T,,, but exhibit a substantial effect on the
spreading capacity of melted Li, which would be of import-
ance for refilling purposes in fusion reactor applications. In
this line, we have developed a methodology to efficiently con-
trol the surface microstructure of tungsten films in order to
favor the spreading of lithium. The fabrication method of these
layers consists of the magnetron sputtering in an oblique angle
configuration. Since for real applications a large variety of
substrate materials, roughness and terminations are expected
to be available, in the present work we have addressed the
way the surface topography of a common material as stain-
less steel may affect the microstructure of W layers grown
using this method. Thus, in order to get a clear view of the
interplay between the roughness characteristics of this mater-
ial substrate and the morphology of the tungsten thin films on
top, we have modified the surface of the former with differ-
ent roughness patterns obtained by rather conventional meth-
ods (sand blasting, polishing, electropolishing). Then, on the
final W-SS systems, we have identified that the optimal tung-
sten microstructure for LM spreading consisted of 1-3 micron
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Figure 6. Photographs taken to determine the spreading capacity of LM onto specimens #SS and #SS/W as indicated. Specimens
#4/W-2500 and #5/W-2500 in this experiment were oriented with the groove direction perpendicular to the liquid. A line has been drawn
signaling the limit of the spreading fronts. The numbers referencing lengths in each image correspond to the spreading distances of the LM

from the bottom edge.
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Table 2. Morphological features of W structures formed in specimen W/#SS-2500. The size of the images is 16 x 11 pum.

Microstructure and tungsten

Sample distribution Description of the morphology of W nanocolumns. Effect on LM spreading.

W7#2-2500 Randomly distributed W nanocolumns formed on the plateaus of SS substrate.
Improvement of LM spreading.

W/#3-2500 W does not form nanocolumns onto this highly rough substrate. A continuous tung-
sten layer covers the hillocks of surface features. No effect on LM spreading.

W/#4-2500 Relatively packed W nanocolumns form on the hillocks of grooves along their direc-
tion. These rows of nanocolumns appear separated by the groove width. No effect on
LM spreading

W/#5-2500 Independent W nanocolumns separated by distances smaller than those found on
a flat silicon substrate form preferentially onto the hillocks of grooves. Separation
between nanocolumns in the perpendicular direction is equivalent to the groove
width. Little improvement on LM spreading

W/#6-2500 W nanocolumns appear randomly distributed on the SS surface separated with dis-
tances similar to those on the flat Si substrate. Improvement of LM spreading.

W/#7-2500 W nanocolumns appear randomly distributed on the SS surface separated with dis-

tances similar to those on the Si flat substrate. Improvement of LM spreading.

width nanocolumns of tungsten with a height of approximately
2 microns and a separation of approximately 1-2 microns.
The analogy of these morphological features with those exist-
ing in other CPS systems supports the involvement of surface
capillarity effects in the spreading process of the LM. The
phenomenology of formation of these nanocolumnar features
and its interplay with the roughness characteristics of the sub-
strate have been discussed and justified in the frame of the cur-
rent models about the growth of oblique angle deposited films
onto rough substrates. Finally, some hints have been found

suggesting that linearly patterned substrates with a given depth
and width of grooves and covered with nanocolumnar tung-
sten films might be a possible alternative for the anisotropic
spreading of LM.
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