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Abstract

Tungsten and tungsten nanoparticles are involved in a series of processes, in
nanotechnology, metallurgy, and fusion technology. Apart from chemical methods,
nanoparticle synthesis by plasma offers advantages as good control of size, shape,
and surface chemistry. The plasma methods are also environmentally friendly. In
this chapter, we present aspects related to the magnetron sputtering gas aggrega-
tion (MSGA) process applied to synthesis of tungsten nanoparticles, with size in
the range of tens to hundreds of nanometers. We present the MSGA process and its
peculiarities in the case of tungsten nanoparticle synthesis. The properties of the
obtained particles with a focus on the influence of the process parameters over the
particle production rate, their size, morphology, and structure are discussed. To
the end, we emphasize the utility of such particles for assessing the environmental
and biological impacts in case of using tungsten as wall material in thermonuclear
fusion reactors.

Keywords: tungsten, nanoparticles, gas aggregation, nanoparticle synthesis,
tungsten nanoparticle properties, fusion technology, toxicology of nanoparticles,
tritium retention

1. Introduction

1.1 Tungsten nanoparticles: their applications and methods for their synthesis
Tungsten (named also as Wolfram—W) is a material presenting extreme physi-

cal and chemical properties, with applications in diverse domains, starting from

common life up to high technology. First commercial applications of W started at

the beginning of twentieth century when it was used for lighting bulb filaments and
in steel alloys. Soon, the domain of applications of W widened, and today it is used
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in many fields like lighting, metallurgy, electronics, aviation, medicine, weapons,
and so on. An extended description of W properties and applications may be found
in literature [1, 2].

Tungsten is also considered to be used as wall material for nuclear fusion reac-
tors, being considered “the best, if not the only, material to withstand the extraor-
dinary operating conditions in a nuclear fusion reactor divertor” [1]. The divertor is
situated at the bottom part of the reactor and it is responsible for extraction (during
the reactor operation) of the heat and ash produced by the fusion reaction. The
heat flux in this region is expected to be in between 10 and 20 MW/ m? [3] in the
International Thermonuclear Experimental Reactor (ITER), leading to local tem-
peratures exceeding 1300°C [4]. Considering the high melting point of W (3422°C),
it was selected as material for covering the divertor region in the current design of
ITER [5, 6]. Additional properties of W supporting this application of W are: its
high thermal conductivity (for removal of heat), low thermal expansion coefficient
and low Young modulus (for minimizing the mechanical stresses) and low sputter-
ing yield (for keeping low contamination of the plasma) [1]. Still, the dust generated
due to plasma wall interaction may have critical effects on the functioning of the
reactor, leading to: (i) cooling of the fusion plasma [7], (ii) accumulation of the
fuel in the dust and thus generating possible radioactive safety issues [8] and (iii)
biological safety issues regarding dust spreading in case of nuclear accidents such
as loss of vacuum accidents [9]. Tests over these effects may be performed using W
particles (dust, with dimension starting from nanometric and up to micron range
[10, 11]). In addition, tungsten nanoparticles (W NPs) are used in different techno-
logical fields, among them being mentioned sintering metallurgy [12], biomedical
applications [13] and also microelectronic [14] and spintronic applications [15].
Also, nanoparticles of W oxide (WOs) have applications including gas sensing [16],
photocatalysis (including pollutant degradation [17] and water splitting [18]).

W nanoparticles may be obtained in different ways, which are mentioned
bellow. Currently in literature are mentioned various methods for producing W
NPs, using different types of chemical and physical processes like: chemical [19]
or solvothermal decomposition [20] of W based compounds, mechanical milling
[21], vaporization of W precursors in thermal plasma [22], metallic wires explosion
[23], laser ablation in liquids [24, 25], growth of W dust in sputtering discharges
(i.e. complex plasmas) [26, 27], and by magnetron sputtering combined with gas
aggregation (MSGA) [28, 29].

In this chapter, we will focus on the MSGA as method applied for synthesis of W
nanoparticles. MSGA method is based on condensation in an inert gas flow of the
supersaturated metallic vapors obtained from a magnetron discharge. It was first
proposed in 1980’s and it was aimed to growth “strongly adhering thin films formed on
room-temperatuve substrates” by bombarding the substrate with energetic clusters;
the method was first named “energetic cluster impact” by the authors [30]. This
synthesis method was not found feasible for industrial thin films deposition, due
to low efficiency of the process [31, 32]. Despite of this, it is applied to the moment
by many research groups for synthesis of metallic nanoparticles (Ag, Cu, Fe, Cr, Ti,
etc.) [33, 34], polymers [35] or even more complex types of structures (like bime-
tallic [36] or core-shell [37] nanoparticles) because, compared with other synthesis
methods, MSGA has several advantages. Thus, the cluster sources based on MSGA
are compatible with vacuum processes, are used in numerous technologies [38], are
well controlled, and the obtained samples present a high chemical purity.

W NPs obtained by MSGA were reported for the first time by us in [28]. Further
works were related to studies regarding tritium absorption and retention [39, 40]
in this material and W NP cytotoxicity [41-43]. These experiments will be also
presented briefly in this chapter.
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1.2 Structure of the chapter

After the short Introduction presented above, the chapter continues with a short
section mentioning the basic aspects of the process. Then, a typical system used
for synthesis of nanoparticles, particularized in the case of Tungsten is discussed.
We point out on the experimental system geometry and on the most important
experimental parameters. These include the chemical nature of the working gas,
the values of the electrical power applied to the discharge, and the thickness of
the target. We present two characteristics, important for any material synthesis
process: the deposition rate and the dimension of the deposit on the substrate.
Thus, we point out on the decrease (down to near zero) of the synthesis rate in time
(tens of minutes) if only Ar is used as working gas. The method for increasing and
stabilizing the synthesis rate is also presented.

One of the sections is devoted to the properties of synthesized materials, respec-
tively of the W NPs (including their morphology, size, and structure), obtained at
various working parameters. Herewith, the effect of residual gases, and H, addition
in the discharge over the nanoparticles morphology are emphasized.

Finally, we briefly describe some applications of the W NPs, namely those
related to fusion technology and to cytotoxicity evaluation.

2. Formation of particles during magnetron sputtering and gas
aggregation

In the field of material physics, clusters are defined as small, multi-atoms
objects; if their dimension is in between 0 and 100 nm, they are named as nanopar-
ticles. One of the physical methods for atomic clusters (or nanoparticles) synthesis
is gas aggregation. This is a bottom-up method and consists in condensation of a
supersaturated vapor (obtained from the material of interest) in a flow of cold inert
gas. The supersaturated vapor atmosphere is obtained by different methods, includ-
ing: thermal evaporation, laser ablation, magnetron plasma sputtering, etc. All
these techniques are feasible to be implemented for metals with relative low melting
and evaporation points [32]. It is obviously that for W, possessing the highest melt-
ing (3422°C) and evaporation points (5930°C) from all metals, only laser ablation
and magnetron plasma sputtering are feasible to be implemented. This work
presents the results obtained using a magnetron sputtering based cluster source.

By sputtering, atoms are obtained from a solid target due to its bombardment
with ions produced in plasma; the presence of the magnetic field crossed with the
electrical one (typical for magnetron sputtering devices) leads to a high rate of
atoms production; more details regarding magnetron sputtering technique may be
found elsewhere [44, 45].

Formation of clusters/nanoparticles is described detailed in different textbooks
[32, 46]; for the sake of clarity, we will present this process briefly here. Thus, syn-
thesis of clusters can be considered to take place in two successive steps: nucleation
and growth. Nucleation may be defined as the process by which embryos of a stable
phase are formed in a surrounding thermodynamically metastable phase [46, 47].
In MSGA source, the metastable phase consists of a supersaturated vapor of metal
particles, which is obtained due to the decrease of the temperature of the sputtered
atoms when they depart from the target. Interaction between the supersaturated
vapor of metal (Me) with the colder buffer gas (Ar) leads to nucleation of metal
particles, this process being described in the term of a three-body process Eq. (1):

Me + Me + Ar - Me - Me + Ar (1)
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where the inert gas atom (Ar) takes the excess of energy resulting from the
Me-Me dimer formation; the dimers Me—Me are the embryos for the further growth
of the nanoparticles. In MSGA process, the nucleation is usually homogeneous,
appearing spontaneously and randomly, without preferential sites of nucleation.
In contrast, in some situations, the Me—Me dimers are not stable in plasma and the
nucleation is dependent on the presence of an external factor, like a reactive gasina
well-defined amount. For example, this situation is encountered during synthesis of
Ti or Co nanoparticles by MSGA. Apparition of the nucleation sites is conditioned
in this situation by the presence of small amounts of reactive gases (O,, respective
N,) mixed with Ar [48]. Also, we observed that nucleation of W nanoparticles is
dependent on the presence of H, mixed with Ar in the cluster source. In contrast,
nucleation of Cu nanoparticles in MSGA is not dependent on the presence of any
reactive gases, their nucleation appearing in sole Ar, and being practically not
influenced by the presence of O, in discharge [49].

Briefly, the steps of nanoparticles formation and growth are the following ones
[46, 47]. After the formation of the initial embryos, further growth takes place
by four main processes: attachment of the atoms (or condensation), coagulation,
coalescence and aggregation. During the first process, the number of the atoms from
a cluster increases due to attachment of supplementary metal atoms; the supple-
mentary energy gained due to bonds formation is dissipated during the collisions
between the growing clusters with the buffer gas atoms. The second type of pro-
cesses (coagulation) happens when two clusters (each containing 7 and respective m
atoms) are unified, forming a larger cluster (containing # + m atoms). This process is
similar to the formation of a liquid drop following the contact of two smaller liquid
drops. The third type of processes (coalescence), takes place when the supersatura-
tion degree is low and it consist in growth of larger clusters by atom attachment,
while the smallest ones evaporate. Finally, during aggregation, two clusters come in
contact without modification of each one shape, forming a larger cluster.

3. Experimental
3.1 Experimental setup

A typical magnetron sputtering gas aggregation (MSGA) system for production
of nanoparticles is presented schematically in Figure 1. It consists of a cluster source

Deposition chamber

Particle beam

Cluster source
Magnetron

Substrate
Ar +H, /' i

Aggregation space

1]

Vacuum Pump

Figure 1.
Schematic of the MSGA experimental system used for nanoparticles synthesis.
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ending with an aperture, attached to a high vacuum chamber similar with those
used for thin film deposition. The enclosure of the cluster source is a cylindrical
stainless steel tube with water cooled walls; a magnetron sputtering gun is mounted
axially in it, with the target facing the exit aperture. The nanoparticles synthesis
takes place in the space between them (see Figure 1). The working gas (an inert gas
used in sputtering, usually Ar) enters in the system through the cluster source and it
is evacuated by a vacuum pumping system attached to the deposition chamber.

Due to its small diameter (typically a few millimeters), the exit aperture
presents a small gas flow conductance, resulting in development of a differential
pressure between the cluster source and the deposition chamber. As a consequence,
the nanoparticles obtained in the aggregation space of the cluster source are ejected
in the deposition chamber, where they are collected on the substrate.

The properties of the nanoparticles obtained by MSGA depend on the process
parameters (pressure, applied power, working gas type, etc.) and on the geometri-
cal characteristics of the cluster source (including the distance between the target
and the nozzle, and the nozzle diameter) [32]. In the present study, we considered
a part of these parameters, and we report on the effects of changing the RF power,
target thickness and nature of admixed gases.

3.2 Materials and characterization methods

The nanoparticles presented herein were obtained from circular W targets
with 99.95% purity. Their diameter is of 2 inches while two thicknesses were used
(6 and 3 mm).

The low-pressure Torus TM2 (Kurt Lesker Co.) was adapted in laboratory for
use in the high pressure range (tens of Pa). The plasma discharge was sustained by a
RF (13.56 MHz) power generator (model Comet CITO PLUS 1000 W) paired with
a corresponding matching box (model Comet AGS 1000 W). The RF generator was
operated either in continuous wave mode or in pulsed mode.

The process gas was Ar or a mixture of Ar with different other gases (H,, O,
water vapors), the pressure of the working gas being of 80 Pa in cluster source
(0.5 Pain the deposition chamber).

The exit aperture of the MSGA cluster source was 2.5 mm while the aggrega-
tion length was 5 cm for all studies presented here. The generated nanoparticles
were collected on two types of substrates: monocrystalline Si substrates chips and
microscope slides.

The deposited nanoparticles were investigated as regarding their material
properties as follows.

The morphology was investigated by scanning electron microscopy (SEM),
using an EVO 50X VP Zeiss device equipped with LaB6 electron gun operating at
20 kV. The nanoparticles microstructure was analyzed by high resolution transmis-
sion electron microscopy (HRTEM), using a Cs probe-corrected atomic resolution
analytical electron microscope JEOL JEM-ARM 200F, operated at 200 kV.

The crystalline structure of the deposited samples was investigated by X-ray dif-
fraction (XRD) using a PANalytical X’Pert PRO MRD diffractometer (wavelength
CuK-a 0.15418 nm) equipped with a point sensitive fast detector (PIXcel) operated
in Bragg-Brentano geometry.

3.3 Deposition rate: shape of the deposit on the substrate
The experiments of W NPs synthesis by MSGA were reported for first time by us

[28, 29] using as working gas sole Ar. These were performed using RF power in both
continuous wave (60 W [28] and 100 W [29]) and in rectangular pulsed mode [29]
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(RF power was switched ON/OFF at intervals of 200 ms, duty cycle 50%, the
maximum RF power being 120 W and the minimum one being zero, i.e. an average
value of 60 W). The other experimental parameters were kept constant.

The deposition rate was evaluated by weighting the substrates before and after
deposition. Despite of different values of electrical power applied to the discharge,
we observed similar deposition rates, around 5 mg/h. On the other hand, we
observed a gradual decrease of the deposition rate in time.

Figure 2a presents the image of a substrate (microscope slide), which was
periodically translated vertically in front of the exit aperture, after 5 min deposi-
tion. The substrate was positioned at dys = 2.5 cm distance from the exit aperture.
We can observe the decrease of the spot diameters, from around 1 cm at the process
beginning (see the lower spot, att = 0, in Figure 2a) down to few millimeters after
20 min (see the upper spot in the same figure). This fact proves that the deposition
rate decreased down to near zero after a finite time duration. Still, after breaking
the vacuum and exposing the target for few hours to the ambient atmosphere the W
NPs process takes place again. A similar decrease of the deposition rate was reported
in [48] during synthesis of Ti and Co nanoparticles using the MSGA technique. For
these materials, it was proved that the generation of nucleation sites is conditioned
by the presence of small amounts of reactive gases (O, for Ti, respective N, for Co)
mixed with Ar in the aggregation chamber. Similarly, we identified by trials that
mixing Ar (5 sccm) with a small amount of H, (0.7 sccm) revitalizes the synthesis
process, leading to continuously deposition of W NPs at an average rate of 50 mg/h.

The nanoparticles are ejected from the cluster source as a conical beam, result-
ing that the diameter of the deposit formed on the substrate is dependent on the
substrate position in respect to the exit aperture of the cluster source. For example,
placing the substrate at a distance of 27 cm in respect to the nozzle, the deposited
material extends over a spot area of 5 cm spot diameter (see Figure 2b) in case of
using a mixture Ar/H,. Thus, modifying the substrate position in the deposition
chamber, the diameter of the deposited spot may be modified from 1 cm up to
5 cm, as it is described by Figure 2c. This aspect is important for applications where
particles distributed over large areas are in demand.

a
T

Ar+H2 /l

[ A
T T

Spot diameter (cm)

N
T

M M M L L L : L
[} 5 10 15 20 25 30 35 40
Nozle - substrate distance d, (cm)

a) b) &)

Figure 2.

(a) Time evolution of the W NPs deposit when only Ar is used as working gas; (b) example of a deposition
performed in mixture Ar + H,, the substrate being placed at a distance of 27 cm from the nozzle; (c) dimension
of the W NP deposits over the position of the substrate (using Ar + H, mixture).

3.4 Morphology and structure of the nanoparticles: effect of the RF power
applied to discharge on the particles properties

The results presented in this section were obtained using only Ar as working gas,
at a mass flow rate of 5 sccm; the corresponding pressures in the aggregation and
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deposition chambers being 80 Pa, respective 0.5 Pa. A 6 mm thick target was used,
the tangential magnetic field at the target surface being of 100 mT.

Plasma was generated either in continuous, either in pulsed power mode, as
follows:

* continuous wave operation mode, applying 60 W and 80 W RF power
to the discharge;

* pulsed wave operation mode, with a medium power of 60 W (P, = 120 W,
P,in = 0 W, the pulsing durations being oy = topr = 200 ms).

No significant modification of the W NPs synthesis rate was observed when the
RF power value was increased (in continuous mode) or was pulsed. Instead of this,
the obtained nanoparticles present totally different material properties.

SEM images of the deposited nanoparticles are presented in Figure 3a
(Prr = 60 W), Figure 4a (Pgr = 100 W) and Figure 5a (pulsed mode). At first
glance, it is obviously that the morphology of the nanoparticles is dependent on the
power applied to the discharge. Thus, on the sample deposited at 60 W (Figure 3a)
can be observed both individual nanoparticles (of around 70 nm in diameter) and
agglomerations of such nanoparticles. These agglomerations are most probably to
appear inside the aggregation chamber, being promoted by electrostatic attrac-
tion of the nanoparticles [50]. Increasing the applied RF power up to 100 W the
nanoparticles shape changes to concave hexapods (Figure 4a), with dimension in
between 80 and 200 nm. In pulsed mode, the nanoparticles are round and on the
sample can be observed (Figure 5a) two classes of nanoparticles: faceted ones,
with dimension between 40 and 80 nm (higher number) and flower like ones with
dimension in between 80 and 100 nm (smaller number).

The nanoparticle shapes are highlighted by the low magnification TEM images
presented in Figure 6a (Pgr = 60 W), Figure 7a (Pgr = 100 W) and Figure 8a
(pulsed mode). Supplementary, TEM images reveal that nanoparticles deposited
in continuous wave mode present a dendritic growth, their branches evolving in
flower like (Figure 6a, Prr = 60 W) or star like pattern (Figure 7a, Pgr = 100 W).
TEM images of faceted nanoparticles obtained in pulsed mode present projections
containing 8 or 6 sides, suggesting a cube-octahedral geometry for these nanopar-
ticles (see the inset image in Figure 8a) [51].

The XRD patterns recorded on the deposited samples are presented in
Figure 3b (Pgr = 60 W), Figure 4b (Pgr = 100 W) and Figure 5b (pulsed mode).
The peaks from these diffraction patterns show the presence in the sample of the
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Figure 3.
SEM image (a) and the XRD pattern (b) of the W NPs deposited at 60 W applied to discharge.
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Figure 5.
SEM image (a) and the XRD pattern (b) of the W NPs deposited using pulsed RF power.
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Figure 6.
TEM (a) and HRTEM (b) images recorded on W NPs deposited at 60 W applied to discharge.



Tungsten Nanoparticles Produced by Magnetron Sputtering Gas Aggregation: Process...
DOI: http://dx.doi.org/10.5772/intechopen.91733

Figure 7.
TEM (a) and HRTEM (b) images recorded on W NPs deposited at 100 W applied to discharge.

100 nm

c)

Figure 8.
TEM (a) and HRTEM images recorded on cuboctahedral W NPs (b) and on a flower like one (c), deposited
using pulsed RF power.

body-centered cubic lattice (bcc) a-W (JCPDS 04-0806) and of the simple cubic
A15 lattice, corresponding to metastable f-W phase (JCPDS 47-1319). It is interest-
ing to note that the a-W phase is dominant in nanoflower samples (Figure 3b)
while the B-W one in the nano hexapod samples (Figure 4b); on the other hand,
the samples deposited with pulsed RF power present similar contributions from
the both a-W and p-W phases. A remarkable result is the observation that the f-W
(which is usually metastable, converting rapidly to a-W even at room temperature)
remained unchanged even after 2 years of storage in laboratory environment (more
details can be found in [28]).

The HRTEM images recorded on the samples reveal that in the branches of the
nanoflowers (Figure 6b) coexist regions with high order or with high disorder. This
observation is confirmed also by the shape of the XRD peaks (with sharp peaks
and enlarged bases, (see Figure 3b) and by the appearance of the SAED pattern
recorded (presence of both bright spots and broad diffraction rings in the diffrac-
tion pattern; see inset in Figure 6a). On the other hand, the hexapods and cube
octahedral present a much higher degree of crystalline order in the samples.

Indeed, the HRTEM image from Figure 7b shows well textured regions, in the
inset of the figure being presented well-defined nanocrystallites with size of around
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5-6 nm, that form each branch. On the other hand, the cube octahedral nanoparticles
are single nanocrystals (see Figure 8b). Also, the branches of the nanoflowers inciden-
tal observed in Figure 8a show a higher degree of order (see Figure 8c) when com-
pared with those grown at 60 W (see Figure 6b). These observations are supported
also by the SAED patterns presented as insets in Figures 7a and 8a, both presenting
only bright spots. Details regarding the chemical composition of the W NPs and their
oxidation in ambient air can be found elsewhere [28, 52]. We briefly mention here that
the amorphous layers which can be observed on the edges of the nanoparticles (see
HRTEM images from Figures 7b and 8b) are due to post synthesis oxidation.

3.5 The effect of target thickness on the morphology of W NPs

We already mentioned that we used W targets with thicknesses of 3 mm, respec-
tive 6 mm. In fact, modifying the thickness of the targets we took into account the
effect of the magnetron magnetic field over the nanoparticles synthesis process.
Thus, for 6 mm targets the measured value of the tangential magnetic field at the
target surface was 100 mT, while it was 150 mT for 3 mm targets. In this section
we present the morphologies of the W NPs obtained with a 3 mm thick target,
following a parametric study involving the variation of the RF power applied to
the discharge. The working gas is Ar only. During the study the other experimental
parameters were kept constant (identical with those used in the previous section):
aggregation length of 5 cm, nozzle diameter of 2.5 mm, the substrate being situated
at 2.5 cm from the nozzle. Thus, similar with previous experiments, the Ar mass
flow rate was kept at a value of 5 sccm, while the value RF power applied to the
discharge (in continuous wave mode) was varied in between 60 and 120 W, with
steps of 10 W.

All the samples were deposited on Si substrates and these were further inves-
tigated by SEM. These investigations show that in general the deposited samples
contain particles with different morphologies on the same substrate. Only two
samples (for the applied powers of 60 and 80 W respectively) were observed to
contain particles with the same morphology; the SEM images recorded on these
samples are presented in Figure 9.

For 60 W RF power the nanoparticles present a nanoflower like morphol-
ogy, similar with those obtained in the same conditions with a thick target (see
Figure 3a). Their dimension is also similar, being in between 50 and 100 nm. Still,
we have to note that the sample of W NPs obtained with a thinner target presents a
much lower degree of agglomeration (compare Figure 3a with Figure 9a).

Figure 9.
SEM images vecorded on substrates deposited at: (a) 60 W (nanoflowers) and (b) 80 W (multiple branches);
Scale bar 100 nm.
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For 80 W RF power applied to discharge, the obtained particles are in fact multi-
podal nanostructures, with up to 8 emerging branches. The distance between the
tips of two opposite branches ranges in between 350 and 400 nm, while the diam-
eter of one branch measure around 80-90 nm. These structures seem to be similar
with hexapod nanoparticles obtained with thick W target (see Figure 4).

For the remaining samples deposited with different values of the RF power, the
samples are not uniform in respect with the particles morphology. Examples of
SEM images recorded on two of such samples (at 70 and 110 W) are presented in
Figure 10. Here we can observe flower like, faceted, with sharp corners, and even
cubic nanoparticles.

Figure 10.
SEM images recorded on substrates deposited at 70 W (a) and 120 W (b); each sample contains particles with
different morphologies. Scale bar 100 nm.

3.6 The effect of residual gases in discharge on the W NPs morphology and
synthesis rate

As mentioned, the decrease of deposition rate down to zero in short time after
the beginning of the MSGA process leads us to the hypothesis that nucleation of
W NPs in MSGA may be assisted by the residual gases present in the aggregation
chamber. For testing this hypothesis, we inserted deliberately small amounts of
gases from the atmospheric air components in the discharge, immediately after
the deposition ceasing for the process performed in Ar. We observed that mixing
H, or water vapors with Ar in the aggregation source leads to the revitalization of
the MSGA synthesis process, leading to a continuous synthesis of W NPs, at higher
deposition rate; it seems that O, does not have such effect over the deposition rate.
However, a side effect of mixing of other gases with Ar in the aggregation chamber
is the modification of the nanoparticles morphologies.

We note that these experiments were performed in continuous wave, with a
6 mm thick W target. Figure 11 presents SEM images recorded with different gases
added in the discharge.

By comparing Figure 11a with Figure 3a it results that addition of H,O vapors in
the discharge at an applied power of 60 W leads to less agglomerated particles. Apart
from nanoflower morphology, also appear particles with sharp corners, while the
dimension of particles increases (from up to 50-100 nm in dry Ar, up to 100-250 nm
in humid Ar). Like we already mentioned, the synthesis rate increases significantly.

Addition of O, in the discharge does not increase the synthesis rate, but modifies
significantly the particles shape. This can be observed by comparing Figure 11b
(round nanoparticles) with Figure 4a (hexapod nanoparticles). These samples

11
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Figure11.
SEM images vecorded on substrates deposited with W NPs in Ar (5 sccm) mixed with different other gases:
(a) H,0 vapors (05%), at 60 W; (b) O, (0.03 sccm) at 100 W and (c) O, (0.03 sccm) + H, (0.1 sccm) at 100 W,

were deposited in similar conditions, at 100 W REF, the single difference being
addition of a very small amount of O, (0.03 sccm) in the main process gas (Ar, 5
sccm). Enriching this Ar/O, mixture with H, (0.1 sccm) leads to further change in
morphology, from round nanoparticles (Figure 11b) to particles presenting corners
(Figure 11c). H; seems to favor anisotropic growth (particles with sharp corners),
while O, seems to favor isotropic growth (round NPs). Therefore, addition of H,
sustains the synthesis of W NPs and leads to the increase of deposition rate.

4. Use of tungsten nanoparticles for toxicology studies and assessment
of tritium retention in nuclear fusion technology

Expected power and plasma duration of future fusion devices, such as ITER,
requires the divertor plasma-facing components (PFC) to withstand considerable
plasma fluxes (up to 10 MW/m” and 10” H m?s™"). In this area, tungsten has been
chosen for its good resistance to high temperature and its low plasma sputtering
yield. However, experiments have shown that the combination of different phenom-
ena (e.g. melting of edges of PFC, material fatigue, intense particle fluxes, material
erosion followed by accretion in the plasma edge, ...), particularly during off normal
events such as Edge Localized Modes (ELMs) or disruptions, can trigger the forma-
tion of particles. They will experience variable size, from tens of nanometers to
hundreds of micrometers. Compared to the current tokamaks, the expected energy
outflows are much higher in ITER. Larger quantities of dust will be produced.
Besides, impurities in the Scrape-Off Layer (SOL), such as oxygen, metals and espe-
cially gas radiators are expected to enhance physical sputtering of the PFC materials.
Generated particles will be hence tritiated as formed in a tritium environment.

Safety limits have been set for the inventory of tritium in the vessel (for which
dust particles can contribute), but also for the quantity of dust to avoid explosive
hazards. Even if dust production in present tokamaks is less important, it is of a
major importance, in order to prepare a safe ITER operation, to investigate how
relevant dust can store tritium. Indeed, such tritiated particles could be released in
case of a Loss Of Vacuum Accident (LOVA) and be accidentally inhaled by ITER
workers. Harmful consequences will depend on the dust physicochemical charac-
teristics and the inhaled dose. It is the reason why we have decided to investigate
their potential biological toxicity. To this end, several actions are to be undertaken:
understanding and characterizing the interaction of particles with tritium and
studying the biological impact of these tritiated dusts on human lung cells.

As said above, the current dust tokamak production is scarce and dust relevant
particles have to be produced. Different production methods have been approached,
among them being MSGA, milling, and laser ablation. The properties of the
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nanoparticles produced by magnetron sputtering gas aggregation are of major inter-
est. Indeed, such particles size have the size ranging from 100 to 200 nm, therefore
present the maximum probability to escape the High Efficiency Particulate Air
(HEPA) filters, normally used to prevent as much as possible the release of particles
out of the vacuum chamber.

4.1 Tritium retention in tungsten dust

To study this topic, after particle production, tritiation has been undertaken
using the usual gas loading procedure with tritium followed at the Saclay tritium
laboratory [53]. The procedure involved various steps, like native oxide layer
removed by reduction under hydrogen atmosphere, loading of tritium, cooling the
sample at liquid nitrogen temperature to freeze the tritium detrapping processes,
thus leading to tritium saturation in particles. For comparison during toxicity stud-
ies, particles are also hydrogenated in the same way than for the tritium loading.
Particle tritium inventory is obtained by desorption and by full dissolution of the
samples in water peroxide and liquid scintillation counting. In case of MSGA type
of particle, it is about 5 Gbq/g. These values are two or three orders of magnitude
higher than in massive samples, where 11.5 MBq/g were measured [39].

4.2 Cytotoxicity of tungsten nanoparticles

The study of consequences of inhaling small W particles that can reach the
human inner lung or can come in contact with the skin, as first organ barriers, is
of high importance. Different topics are thus addressed such as the behavior of
particles and embedded tritium in biologic media or the in vitro toxicity of these
tritiated particles [54]. It is worth to note that the particles are rapidly dissolved
(less than 1 week) in different biologic media as saline solution, TRIS buffer, and
cell culture medium lung solution. TRIS solution is usually used to prepare particle
stock solution for in vitro studies. The consequence of the dissolution of the par-
ticles is the release of tritium into the solution. Tritium, once solubilized, will be
removed quickly as it has been shown that tritium in tritiated water form is elimi-
nated very quickly from the human body (half-life of 10 days).

The toxicity of W particles produced by milling was evaluated on the MucilAir®
model [55], a 3D in vitro cell model of the human airway epithelium grown on
air-liquid-interface [42]. Epithelia were exposed to tungsten nanoparticles (triti-
ated or not) for 24 h. Thanks to the long shelf life of this model, cytotoxicity was
studied immediately after treatment and in a kinetic mode up to 1 month after cell
exposure to assess the reversibility of toxic effects. Acute and long-term toxicities
were monitored by several endpoints: (1) epithelial integrity, (2) cellular metabolic
activity, (3) pro-inflammatory response, (4) mucociliary clearance, and
(5) morphological modifications. Transmission Electronic Microscopy (TEM)
observations, inductively coupled plasma mass spectrometry (ICP-MS) measure-
ments and liquid scintillation were performed to determine tungsten and tritium
lung absorption as well as intracellular accumulation. On this human lung epi-
thelium model, no significant toxicity was observed after exposure to ITER-LIKE
particles produced by milling followed by 28-day kinetic analysis. Moreover, tritium
transfer through the epithelial barrier was found to be limited in comparison with
the complete transfer of tritium from tritiated water. These data provide prelimi-
nary information to biokinetic studies aimed at defining biokinetic lung models to
establish new safety rules and radiation protection approaches.

In respect with usage of MSGA and laser ablation particles in toxicology studies,
the behavior of cells from bronchial human-derived BEAS-2B cell line with such
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particles in their pristine, hydrogenated, and tritiated forms is described in [43].
Cell viability, cytostasis and DNA damage were evaluated by specific biological
assays. The study concludes that long exposures (24 h) induced significant cytotox-
icity, the effect being enhanced in case of the hydrogenated particles. Epigenotoxic
alterations were observed for both MSGA and laser ablation types of particles. Due
to the observed oxidative dissolution of W nanoparticles in liquid media, such
effects might be related to the presence of W°* species in the medium.

The toxicity of MSGA tungsten nanoparticles on human skin fibroblast cells
(BJ ATCC CRL 2522), was evaluated in [56]. Different concentrations of tungsten
nanoparticles (1-2000 pg/mL) added in liquid medium were used. MTS colori-
metric tests and Scanning Electron Microscopy in secondary electrons (SE) and
backscattering (BSE) operating modes were used to observe the effects. At low
concentrations of nanoparticles in suspension, no toxic effects were observed by
the MTS colorimetric test. However, when the nanoparticle concentration added to
the cellular medium increases above 100 pg/mL, reaching even 1 mg/mL and 2 mg/
mL, the toxicity of tungsten nanoparticles is high. The cell morphology changed,
in comparison with the control sample. Cells tend to become round, a sign that
precedes their death. At a higher magnification, in BSE mode, it is noticeable that
the nanoparticles may be internalized under the cell membrane.

5. Conclusions

This chapter describes a physical method of fabrication of nanoparticles, namely
Magnetron Sputtering Gas Aggregation (MSGA). The advantages come from a
clean plasma-based process which do not make use of wet chemistry, and is well
controlled, and reproducible. The synthesis of tungsten particles was selected to
illustrate the potential of the method. Not only those particles are promising mate-
rials for nanotechnological devices, photocatalysis, and energy storage, but envi-
ronmental and toxicological questions raised by the occurrence of tungsten dust in
fusion experiments request answer of high importance for the scientific community
working in the fusion energy research. The produced particles, analyzed in this
chapter, have size in the range 100-200 nm, and have, depending of the applied
plasma power, flower like, hexapod, or cube-octahedral morphologies. Mixture
of these morphologies in the same sample is also possible at other parameters. The
particles are single crystals in case of cube-octahedral morphology (pulsed applied
power), or consists of small nanocrystallites (3-5 nm) which are assembled in a dis-
ordered manner (in nanoflowers, at Pgr = 60 W), or in a much-ordered manner (in
nanohexapods, at Pgr = 100 W). The W dust consisting of such particles incorpo-
rates tritium amounts of two to three orders of magnitude higher than the massive
tungsten material. Although limited in respect with the conditions of exposure and
types of cells, the biological studies mentioned in the chapter indicate that the toxic
effects should be considered in the activities involving W dust, especially at large
concentrations of particles.
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