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Abstract

Pulsed Laser Deposition allows to obtain W and W-Ta alloy coatings with different nanostructures,
monitored by X-ray diffraction. The correlation between such structures and the elastic properties
is investigated for amorphous-like, ultra-nano- and nano-crystalline coatings obtained by tuning the
gas pressure during deposition, annealing temperature and Ta concentration. The full elastic char-
acterization is achieved by surface Brillouin spectroscopy, interpreted by isotropic and anisotropic
film models. Amorphous like coatings are obtained with He pressures of tens of Pa. In comparison
with bulk W, they have lower stiffness, by about 60%, closely correlated to the mass density (lower
by about 40%). In the nanocrystalline regime the stiffness is more correlated to the average grain
size, approaching the bulk values for increasing crystallite size. Vacuum annealing of amorphous
like coatings leads to the nucleation of ultra-nano crystalline seeds, embedded in an amorphous
matrix with intermediate values for mass density and stiffness. Here, the stiffness results from an
interplay between the crystal size and the density. Alloying with Ta leads to properties which are
consistent with the lever rule in the nanocrystalline regime, and deviate from it when the higher
Ta concentration, interfering with crystal growth, induces an ultra-nano crystalline structure.
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1. INTRODUCTION

Tungsten (W) and W-alloys coatings exhibit unique features such as high melting point, good
heat conductivity, high resistance to thermal loads, high density and corrosion resistance. All
these properties make W based materials desirable for a wide range of applications. W binary
alloys have been found extremely interesting for high power, high voltage, thermal management
and radiation shielding applications [Il 2]. In particular, W-Ni alloys are considered among the
most promising material for micro and nano-mechanical systems [3], while W-Ta coatings have
been among the most attractive materials for applications in the aerospace industry [4]. The low
sputtering yield and the low tritium retention, make pure W films particularly suitable also for
selected applications in nuclear fusion facilities, like tokamaks and the future reactor ITER. In this
context, W has been chosen as the candidate plasma facing material for the first wall of the ITER
plasma chamber, in particular in the divertor region where extreme thermal loads and radiation
fields are expected [5] [6] [7]. To this purpose, first studies on the applicability of W coatings in
nuclear fusion environments were performed depositing thick W layers on structural materials by
plasma spray (PS), which allows to cover wide areas, with high thicknesses and limited deposition
time and costs [8]. However, PS limit is represented by the inability to finely control film structure
at the atomic scale, which often results in undesired material properties and failure of the coating
[9, 10]. Alternatively, in order to finely control film structure, morphology and stoichiometry, a
variety of physical- (PVD) and chemical- (CVD) vapour deposition techniques is available for W
coatings deposition [IT], [12], T3], 14]. Pulsed Laser Deposition (PLD) is one of the most versatile
PVD techniques, by which both mono- or multi-elemental films such as metals, compounds and
carbon based materials, also replicating complicated or unusual target stoichiometry can be de-
posited [15], 16] 17, 18], 19, 20, 21]. In addition, it offers various possibilities of tailoring the film
structure and morphology and of growing films with thicknesses ranging from few nanometers to
micrometers [22] 23 24]. In particular, it has been proven that properly tuning deposition param-
eters it is possible to grow W coatings with different morphologies, from compact to porous, and
with different structures, from nanocrystalline (nano-W) to amorphous-like (a-W) [25]. PLD W
coatings have been used as proxy of redeposited W in the frame of plasma-wall interaction [26] 27],
and for the growth of micrometric-long W-oxide nanowires [28].

Different morphologies and micro-structures result in different mechanical properties of the de-
posited films. The mechanical behaviour of coatings is mainly investigated by nanoindentation
and by tensile tests [29] [30, B} B2, [33]; however, it is well known that the application of these
two methods to sub-micrometric films is particularly challenging. Alternative characterization

techniques have therefore been developed, also due to the increasing demand of non-destructive



mapping of the mechanical properties. Surface Brillouin spectroscopy (SBS) has proven to be a
useful tool to measure the elastic properties of films [34] [35], and particularly of sub-micrometric
supported films [306] [37]. SBS relies on the inelastic scattering between the incident laser photon
and an acoustic phonon of the material; it thus measures the dispersion relations of surface acoustic
waves (SAWSs) of the film-substrate system; from them, for known substrate properties, it is possi-
ble to derive the elastic moduli of the film. In the case of transparent systems bulk acoustic waves
can also be measured, but in the case of metallic films only SAWSs are detectable, meaning that in
many cases only very few acoustic modes can be measured. The amount of available information is
therefore limited, and a complete elastic characterization can require the combination with other
techniques [35].

However, using suitable substrates, it is possible to confine several modes within the film. Be-
side their wide availability, Si substrates have acoustic properties which are significantly different
from those of W and W-compounds films, mainly because of the huge difference between the mass
densities. Due to this difference, W coatings effectively act as multiple mode waveguides, able to
confine several acoustic modes. SAWs therefore behave as self-tuning probes, which intrinsically
confine themselves predominantly in the layer of interest. The ability to measure several acoustic
modes provides a larger amount of information, allowing a more complete elastic characterization.
In our work we deposited, by PLD, W and W-Ta films on silicon (Si) substrates. Different nanos-
tructures have been obtained exploiting three different variants of film production process: (i)
tuning of He pressure in the deposition chamber, (ii) vacuum thermal annealing of a-W, and (iii)
alloying with percentages of tantalum, up to 24%. It turns out that the different nanostructures
can be grouped in three different classes: the amorphous-like (a-W), the ultra-nanocrystalline (u-
nano-W) and the nanocrystalline (nano-W). Then, we investigate the relationship between the

elastic properties and the nanostructure of these W and W-Ta films.

2. EXPERIMENTAL TECHNIQUES

2.1. Film deposition, thermal annealing treatments and structural characterization

W coatings are produced by PLD, exploiting the fourth harmonic of a Nd:YAG laser with
wavelength A = 266 nm, repetition rate of 10 Hz, pulse width of 5 ns and energy per pulse of 150
mJ. The laser with angle of incidence 45 degrees is focused on a 2 in. diameter W target, which
is properly rotated and translated in order to ensure a uniform ablation. The spot area of the
impinging laser on the target is about 9 mm?, the laser fluence is 1.6 Jem 2. The species ablated
from the W target expand in the deposition chamber where a He background (purity 99.999%) gas

is present. He pressure ranges between 10~2 Pa base pressure (vacuum) and 60 Pa. The expanding



species, mainly single atoms in the chosen ablation regime, are collected on a substrate, Si(100),
positioned 60 mm away from the target. The substrate is aligned with the center of the plume and
it is not moved. This setup has been exploited to investigate the effect of different He background
gas pressure on the crystalline structure of the growing film.

Amorphous-like W coatings have been also deposited using the second harmonic of a Nd:YAG with
A = 532 nm, 10 Hz repetition rate, pulse width of 7 ns and, energy per pulse of 815 mJ, laser spot
area 8.7 mm? and laser fluence of 9.3 J cm~2. As in the previous case the laser beam impinges
on a 2 in. diameter W target. He background gas pressure is fixed at 40 Pa and the target to
substrate distance is again 60 mm. More details are reported in [25]. The deposited samples are
then annealed in vacuum (10~2 Pa) for two hours, at temperatures ranging from 720 K to 1070 K.
The effect of Ta alloying has been investigated by the second PLD setup, but with a fixed deposition
pressure of 1073 Pa, exploiting a heterogeneus target similar to those described in [38]. It consists
of a W disk (purity 99.9%), with a superposed grid obtained from a Ta wire (purity > 99.95%) of
0.25 mm diameter. The target is rotated and translated, as in the previous case, to ensure uniform
ablation. The amount of Ta in the deposited film is varied tuning the pitch of the Ta grid.

Film thicknesses, determined by cross sections using a Zeiss Supra 40 field emission SEM with
an accelerating voltage of 3 - 5 kV, range from 200 nm to 2 pm depending mainly on deposition
time. Coating thickness distribution is Gaussian centered in the middle of the sample where a
homogeneous area of about 1 cm? is present. Elemental composition of W-Ta films has been
assessed using Energy Dispersive X-ray Spectroscopy (EDXS). The film structure is analyzed by
X-ray Diffraction spectroscopy (XRD) using a Panalytical X'Pert PRO X-ray diffractometer in

6/26 configuration.

2.2. Mechanical characterization

SBS is performed with the experimental setup described in more detail in [39]. An Ar" laser
is exploited, operating at 200 mW at a wavelength Ay = 514.5 nm. The laser is focused on the
central region of the deposited film where the thickness is homogeneous. The focusing spot size
is of the order of tens of micrometers. The measurement is thus sensitive to the properties of the
film in this area. The backscattering geometry is adopted, in which the exchanged wavevector
k| is determined by the incidence angle ¥ as k| = 2(2m/Ao)sin?). The samples are oriented in
order to investigate propagation along the Si[110] direction, with incident light polarized in the
sagittal plane. Scattered light is collected without polarization analysis and analyzed by a tandem
multipass Fabry-Perot interferometer of the Sandercock type, typically with a free spectral range
(FSR) of 16 GHz.

A typical Brillouin spectrum of a nano-W film on Si(100) substrate, plotted as a function of the
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Figure 1: a) A typical Brillouin spectrum of a W film on Si(100) substrate. b) Exzperimental and computed
dispersion relation for a W coating. The dots represent the experimental phase velocities while
the lines are the theoretical dispersion relations. (c) Isolevel curves for the LS estimator; the
curves corresponding to the 68%, 90% and 95% confidence regions are highlated. The lines (a)
and (b) refer respectively to (Kowik) and (G/Kpuik ).

measured velocity v, = w/k|, is shown in Fig‘a; w is the circular frequency measured by the
spectrometer. As noted above, several branches of the dispersion relation can be measured; the
lowest velocity branch is the Rayleigh wave (R), modified by the film itself, and the other branches
are due to Sezawa waves (S). The experimental dispersion relations v, (k|, j), where j is the branch
index, are obtained recording the spectra at different values of k|, i.e. at different incidence angles
9 (Fig. b); for each value of v, an uncertainty o(k,j) can be estimated. If the film is modeled

as a homogeneous continuum with perfect adhesion to the substrate, the velocities of the acoustic



modes can be computed by the Christoffel’s equations, as a function of the mass densities of the
film and the substrate (p/ and p*), of the elastic constants of the film and the substrate (Cf; and
Cy;), of the film thickness ¢ and of the exchanged wavevector ky: v. = vc(p®, Cf}, of, C’ifj, Lk, 5)-
Once the substrate properties are known, the wavevector is known by the angle ¢, the thickness is
measured, the computed velocities are functions of the film properties alone: v, = v.(pf, C’ij| Ky, g)-

In principle, the film properties can be thus identified by minimizing the least squares estimator:

f . A\ 2
(vl 1 1, ) = vy )
o (kyj, )
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)
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where the sum extends over all the exchanged wavevectors k|| and all the measurable branches. The
derivation of elastic moduli by the minimization of the LS estimator, discussed in detail elsewhere
[40], is outlined here; it is performed numerically by a MATLAB code developed to this purpose.
The number of independent free parameters depends on the symmetry of the elastic continuum
which represents the film. The code fully accounts for the cubic symmetry of the Si substrate:
the three independent elastic constants are taken as C7;,Cy, and C%,, and are well known. For
the film, the simplest model is the isotropic one, which is considered first. It is fully characterized
by two independent elastic constants, taken as C’fl and 014. If the mass density p/ is kept fixed,
minimization in the 2-D space (C’{l, 014) returns the map of the isolevel curves of the estimator
LS (Fig. c). If also p/ is left as free parameter, minimization in the 3-D space (C{l, C’L,pf)
returns one map of the type of Fig. c for each value of p/. The minimum of the LS estimator
identifies the most probable value of the (C’{l, C’L) couple or the (C{l, 014, pf) triple. The isolevel
curves (or surfaces) of the estimator, at levels determined by estimation theory [41], supply the
confidence regions at any pre-determined confidence level. The confidence regions turn out to be
the most robust result of the minimization, the minimum being more sensitive to experimental and
discretization errors. In both the Rayleigh and the Sezawa waves the shear component prevails;
consequently, the confidence region supplies a good estimate (a narrow interval) for the shear
modulus G = CLL, and a poor estimate (an unreasonably wide interval) of the bulk modulus
K. The indication coming from the confidence region is therefore supplemented by two physical
bounds, set by the stiffness of bulk crystalline W. It is assumed that the bulk modulus K cannot
exceed the value of crystalline W, and that also the ratio of the shape stiffness to the volume
stiffness, G/ K, cannot exceed the value of crystalline W. The ratio G/K is directly related to the

Poisson’s ratio v [45]:
3/2-G/K

5+ G/K 2)



such that the upper bound for G/K is a lower bound for v. It must be remembered that the (G/K)
ratio can be seen as an index of the ductility [45] of the material. The 68% confidence region is
considered; its parts which exceed one of the two limits are discarded, and the remaining part has
a quadrilateral shape (Fig. c). The center of this quadrilateral is taken as the best estimate,
and the half amplitudes of the encompassed intervals are taken as estimates of the uncertainties.
This procedure, which is quite obvious for the (C’{l, C’Z{4> couple, is adopted also for any other

modulus, as shown in (Fig. [[jc) for the Young modulus.

2.2.1. Modelling improvement: anisotropic films

The estimates obtained by the isotropic model for the films can be improved by a better
consideration of their nanostructure. Nano-W films grown in vacuum or at very low He pressure
tend to show a columnar structure. Since the columns are narrower than the investigated acoustic
wavelengths, the film modeling by an equivalent homogeneous continuum of average properties [42]
remains appropriate, but the isotropic continuum is not fully adequate. Irrespective of the specific
crystalline anisotropy of each column, the columnar films are statistically isotropic in plane, and
anisotropic in the normal direction. The overall symmetry of the film is therefore hexagonal: this
symmetry guarantees in plane isotropy of the elastic properties. Full characterization of the elastic
properties in the hexagonal symmetry requires five independent parameters, which can be taken
as (C{l, C{3, 053, 04{47 C{Q) and would need a significant amount of information [43], even though
both the Rayleigh and the Sezawa waves are insensitive to the value of 0{2. A full minimization
of the LS estimator in a 4-D or 5-D space would be too expensive, and would require more
information than available from the measured spectra. Therefore a refinement of the results from
the isotropic model has been obtained starting from the values of the (C{c 1) 04{4) couple obtained
by that model (and of 0{27 which is derived by the isotropy condition), keeping them fixed, and
allowing le3 to C?’; to differ from their values in the isotropic case, which are respectively C{Q
and C{l. Minimization in the (C{;,ng) space obviously allows an improvement of the fit of
the dispersion relations. In the hexagonal symmetry the Young modulus F becomes direction
dependent. Exploiting the functional dependence of F on the C’ifj and the direction [44] the values
of £ and v were derived. The intervals turned out to be of modest amplitude, and their upper
limit, meaning an upper bound for the stiffness of the homogeneous equivalent continuum which
represents the film, was picked for the following analyses. The values of the Young modulus F,

shear modulus G and the ratio of the shear to bulk moduli (G/K) are thus investigated.



3. RESULTS AND DISCUSSION

The procedure we adopted to measure the elastic properties is validated by the analysis of a
bulk polycrystalline pure W sample. Since bulk polycrystalline W is elastically globally isotropic,
the isotropic symmetry model is appropriate. With the mass density fixed at the bulk value of
19.25 g cm ™3, we obtained the values of the elastic moduli summarized in Tab. which are in

excellent agreement with those proposed in literature [46].

3.1. Background gas pressure: towards the amorphous-like regime

During the PLD process an adiabatic expansion takes place due to the high pressure and
temperature (e.g. 10 Pa, 5 10? K) of the ablated material. The expanding species push away the
He gas present in the vacuum chamber. Helium gas becomes increasingly compressed, (snow-plough
effect) and eventually forms a shock wave [47]. In this regime interactions between ablated species
and background gas molecules are very weak. During the expansion the internal pressure drops
down and, once the equilibrium with the background gas is reached, an efficient diffusion and mixing
of the ablated species with the background gas takes place. The kinetic energy distribution of the
expanding species exhibits a sudden change moving from the shock-wave regime to the diffusion
regime. The film properties, morphology and structure, are related to the energy of the impinging
species. At high energy the growth of nanocrystalline and compact films is favoured, at low energy
the deposited film is porous and exhibits a disordered crystalline structure [48]. In the present
case we set PLD process parameters (laser fluence, pressure and target-to-substrate distance) with
the aim of obtaining a compact film but with a disordered structure. Since expansion features are
related to the atomic mass and the pressure of the background gas (heavy gas is very efficient in
quenching kinetic energy) He has been chosen in order to have a fine tuning of the kinetic energy,
and consequently structure and morphology. A more detailed discussion of the morphology and
structure of coatings obtained with different He pressures is reported in [25]. XRD spectra of the
samples deposited with pressures ranging from vacuum to 60 Pa of He are summarized in Fig.
h. The spectrum related to the sample deposited in vacuum clearly shows a strong reflection
around 40° (20). This peak has been assigned to the (110) reflection of a-W. The absence of
the other reflections (e.g. (200) reflection) is related to the crystallographic oriented growth of

the PLD films. The deposition by PLD of metallic films with an oriented crystallographic growth

E (GPa) G (GPa) K (GPa) v

Wooty 404 157 323.8 0.282
Measured 387 £ 17 152.5 £4.5 307 £16 0.288 &+ 0.001

Table 1: Measured elastic moduli of bulk polycrystalline W.
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Figure 2: Fig.(a): XRD spectra of W nanostructured films; Fig. (b): trends of mass density and crystal-
lites dimension versus He pressure; Fig. (c): trends of E, G and G/K on He pressure.

has already been reported in the case of fcc metals like Au [49], Pt [50] and Rh [5I] where the
main crystallographic growth direction was the (111). For fcc crystals, the (111) is the direction
of minimum configurational energy [52]. In the case of W, which is a becc crystal, the atomic
planes perpendicular to the (110) direction exhibit the highest planar density, in agreement with
the observed direction of growth. The film deposited at 5 Pa exhibits a broader peak, still close to

the (110) reflection, but shifted towards lower angles. At 32 Pa and 60 Pa the spectra are different



from the previous ones: a broad band appears, the band width being comparable to the ones of
amorphous metals.

By means of the Scherrer equation we obtain the mean crystallites size D. In Fig. [2b the trends of D
and the film mass density p versus He pressure are summarized. The values of p were determined by
the numerical procedure described above. The trend of mass density is qualitatively in agreement
with the results obtained using quartz microbalance [25]. The samples deposited in vacuum are
characterized by a mean global density of 18.2 g cm™3 that is 5% lower than the polycrystalline
value of 19.25 g cm ™3 and crystallites size of about 16 nm. This kind of sample, with a crystalline
domain size between 10 nm and 16 nm, will be called nanocrystalline W (nano-W). Increasing He
pressure to 5 Pa leads to the decrease of the crystallites size from 16 nm to around 4 nm, without
significantly affecting mass density (17 g cm~3). This growth regime, where crystallite domain size
ranges between 4 nm and 10 nm, has been called ultra nano crystalline (u-nano) regime. Higher
He pressures result in a further drop of p to 14 g cm™> at 32 Pa and to 11 g cm ™3 at 60 Pa and
D from 4 nm to approximately 1 nm respectively. Such small values of D indicate the presence of
at most crystalline seeds; the low values of p indicate that the amorphous fraction is predominant.
This is related to a higher free volume fraction within the film, meaning a higher mean interatomic
distance and a lower mean interatomic binding energy. The last drop of p suggests a further
decrease of the crystalline fraction, since the crystallites size does not change significantly. This
will be called here amorphous-like condition (a-W).

This evolution of the nanostructure correspond to the variation of the elastic behaviour: trends of
the elastic moduli versus He pressure are shown in Fig. k. E drops from 381 to 145 GPa and G
similarly drops from 148 to 53 GPa. Accordingly, G/K varies from 0.48 (nano-W) to 0.24 (a-W).
Lower stiffness is consistent with the lower values of p and D proper of the structures discussed
above. For the same reasons, also nano-W is characterized by E, G and G/K values slightly below
the bulk ones (see Tab. [I)).

The significant variation of the elastic properties induced by the transition from crystalline to
amorphous nanostructure has been widely studied through recent years. Alcala et al. [53] found a
drop in E of about 70% when going from ~-Al,O3 to amorphous alumina. Jiang et al [54] found,
for amorphous metals, G/K values 30% lower than those of the polycrystalline forms. As already
mentioned, this decrease of G/K can be interpreted qualitatively as an index of an increased
ductility. In the case of amorphous metals, plasticity is attributed to the ability of the material to
form shear bands analogous to the slip systems of their crystalline counterparts. The short-range
atomic order of amorphous metals can determine the elastic moduli in a way different from that

of the crystalline phase, where a long range order is also present [55]. In this way amorphous
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metals can be macroscopically brittle but microscopically capable of sustaining plastic shear flow
[56]; in these terms, the observed decrease of G/K can be interpreted as an index of increased
ductility with the growth of the amorphous phase. Our results are in qualitative agreement with

the observed decrease of the G/K ratio going from nanocrystalline to amorphous phases [53], [54].

8.2. Thermal annealing: effects of crystallization

Using a slightly different laser setup (see Section 2.1) we produced a-W film with a background
He pressure of 40 Pa. The higher threshold pressure for the formation of the amorphous-like
phase, compared with the previous case, is related to the higher laser fluence used in this setup.
The deposited samples exhibit a crystallite size of less than 2 nm and a mass density below 12
g cm ™3, indicating the presence of a significant void fraction within the films. More details are
present in [25]. Samples are then subjected to thermal annealing; it is well known that this type
of treatment promotes crystallization which, in turn, can be related to a progressive stiffening and
embrittlement [57]. This can be attributed to different phenomena such as structural relaxation,
free volume annihilation, phase separation and short-range ordering. Annealing kinetics depends
on temperature: below the glass transition temperature T, the process is governed by structural
relaxation, while for T > T, crystallization prevails. Furthermore, if thermal annealing is performed
above the recrystallization temperature treshold, it can lead to the complete recovery of bulk
properties [58, (9, [60].
The effect of thermal annealing temperature is investigated performing the treatment in vacuum
for 2 hours, at temperatures between 720 K and 1070 K.
XRD spectra are shown in Fig. Bh. At 720 K the spectrum remains almost identical to that of the
as-dep a-W, except for a small peak appearing in correspondence of the a-W (110) reflection. This
feature indicates that the defects diffusion is already active at a temperature below one half of the
recrystallization temperature of bulk W (~1700 K), although it is not yet able to radically change
the structure of the film. Instead, for annealing temperatures at or above 920 K the amorphous
band essentially desappears in favour of the peak associated to the crystalline a-W phase, which
becomes better defined. The mean crystallites dimension, reported in Fig[3p, remains below 2 nm
till 720 K and then suddenly changes over 920 K, remaining approximately constant around 8 nm
until 1070 K. This shows that, at or slightly below 920 K, a-W films undergo partial crystallization
and the coatings become u-nano-W, D being about 8 nm. However, the mass density, determined
by SBS numerical data analysis, undergoes only a limited variation, going from the as-dep value of
11 g cm =2 to 12.8 g cm 2 at 1070 K (Fig. ), as confirmed by the fact that upon annealing, no
appreciable film thickness variation was observed. Since the nanocrystals have higher mass density

than the pristine a-W, this small variation of p suggests that nanocrystals remain embedded in more
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Figure 3: Fig.(a): XRD spectra of a — W films exposed to annealing processes; Fig. (b): trends of mass
density and crystallites dimension versus annealing temperature; Fig. (c): trends of E, G and
G/K on annealing temperature.

amorphous matrix which retains a significant average void fraction. In parallel to the nucleation
of crystalline seeds, the void fraction of the amorphous phase might coalesce, nucleating ultra-
nano voids, which however remain too small to be detected by SEM. This small density increase
is consistent with the annealing temperature still well below the recrystallization temperature of

bulk W, not yet allowing phenomena like e.g. a massive flow of vacancies to the outer surface.
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The features of such nanostructure could be further elucidated by Grazing-Incidence Small-Angle
X-ray Scattering, which clearly distinguishes between the regions with different electron density, or
by Positron Annihilation Lifetime Spectroscopy, sensitive to the void dimension and distribution.
The elastic moduli are also affected by the annealing treatment. An increase in F, G and G/K
is however expected for temperatures either above or below T,. A trend similar to the one of D
is observed: at low annealing temperatures the elastic moduli are not significantly modified, while
at 920 K, E and G increase by about 60% (E goes from around 150 GPa to around 230 GPa),
with a corresponding rise of G/K by 33% (G/K from 0.27 to 0.36) as shown in Fig. [Bt. Material
stiffening is thus related to the beginning of the crystallization.

Finally, it can be seen that the a-W sample annealed at 1070 K (u-nano-W) is characterized by
E = 262 GPa, G = 98 GPa and G/K = 0.38. These values remain well below the bulk values.
This is consistent with the lower mass density: the stiffer nanocrystals remain embedded in a
softer amorphous matrix. A complete recovery, till the microcrystalline state, would require higher

annealing temperatures and/or longer annealing times.

3.8. Ta-W films: alloying effects

W-Ta films were deposited in vacuum with Ta concentrations ranging from 4 to 24%. In the
XRD spectra in Fig. [dh it is evident that when Ta concentration increases no new reflections
appear and the main peak, corresponding to the (110) reflection of crystalline a-W, gradually
shifts from 40.416 - 260 degrees, the angle corresponding to a-W, towards 38.473 - 26 degrees, the
angle corresponding to a-Ta. As already reported in [61][62] [63], this shows that the addition of Ta
to a W matrix leads to solid solution regime in which the Ta atoms are substitutional. However,
boosting the Ta amount leads to a decrease in the crystallinity of the film. Ta atoms interfere with
the W lattice hindering the growth of the crystallites. As a result, D goes from 15 to 7 nm when
the Ta content goes from zero to 24%. This variation is clearly more appreciable than the mass
density one. In this case, since we are dealing with solid solution regimes, the mass density can be

computed by the lever rule:

pw-ra = [Wlpw + [T'a]pra (3)

This leads to values of p ranging from 18.2 g cm™ (pure nano-W) to 17.4 g cm~3 (24% Ta).

No appreciable ductilization of microcrystalline W has been reported upon alloying with Ta [64].
We observe trends of E and G which are almost linearly decreasing with increasing Ta concentration
(Fig. ) In particular, the material is softened by about 28%: E falls from 381 GPa to 271 GPa
and similarly G from 148 GPa to 101 GPa. The most probable value of the G/K ratio does not

substantially change between zero and 14%, while decreasing by 30% in the alloy with 24% of Ta.
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Fig. 4k shows that the gap between the experimental values of E, G and G/K and those computed
by the lever rule becomes remarkable for Ta concentrations above 10%. This discrepancy can be
attributed to the above mentioned reduction of the crystallites size which leads to a variation of
the mechanical behaviour beyond the one foreseen by the solid solution regime alone when the

concentration of Ta atoms becomes relevant. Accordingly to the above discussion (see Section
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Figure 5: Fig. (a): trends of shear modulus versus mean crystallites size; Fig. (b): trends of shear
modulus versus mass density.

3.1), the decrease of the G/K ratio can be interpreted as indicating the increasing material ability
to support local plastic flow. When the Ta fraction increases, the higher elastic moduli of W are
gradually shifted towards the lower values proper of Ta, leading to a global softening and local

ductilization of the material.

8.4. Crystallites dimension and mass density effect

We have shown above that the elastic moduli of a film can be tuned varying the mass density
and the crystallites dimension, simultaneously or independently. This is best shown by the trend
of shear modulus G which, as noted above, is the most reliable outcome of Brillouin spectroscopy.
Fig. [5| summarizes the trends of G of the all analyzed samples versus D a) and p b).

The amorphous region (D < 4 nm) is characterized by markedly lower values of G. In this
region the samples behave as metals in the amorphous regime, and the shear stiffness changes

appreciably even for a very small variation of D. The transition to the ultra-nanocrystalline region
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is characterized by crystallites size becoming of at least few nanometers (~ 4 nm). This crystallites
remain embedded in an amorphous matrix of different elastic properties; the overall shear stiffness
is thus determined by both the properties of the crystallites and those of the matrix. This explains
the small sensitivity of G to the crystallite size. For D above ~10 nm, the nanocrystalline domain
is achieved, in which G is almost linear with the crystallites dimension. Extrapolating this linear
trend, the mean crystallites size necessary to confer the bulk elastic properties to nano-W turns
out to be ~25 nm.

From Fig. [Bp, it is now evident that in the amorphous region the different stiffnesses are mainly
related to the different mass densities. In the ultra-nanocrystalline region, we find a low sensitivity
of G to the mass density, the crystallite size becoming also relevant. This region includes samples
obtained by the three different preparation processes described above (line G1). For this reason
their mass density and crystallite size are not correlated, and go instead in opposite directions.
The interplay between crystallites and matrix properties is such that the overall stiffness remains,
fortuitously, almost constant, for mass densities going from 12.6 to 16.5 g cm ™3, while the crystallite
sizes go from 8 to 4 nm. For the samples analyzed in this study, the growth of the crystallites
balances the decrease of p. Finally, in the nanocrystalline region G turns out to be linearly

increasing with p as confirmed by the lever rule.

4. CONCLUSIONS

Thanks to the PLD versatility we were able to grow W based films with different structures,
namely nano-W, u-nano-W and a-W. In particular, tuning the He background gas pressure during
deposition, we obtained W coatings from nano-W (in vacuum) to a-W (at 40-60 Pa). Post deposi-
tion thermal annealing of a-W samples promotes defects diffusion and crystallites growth, leading
to the u-nano-W region. Finally, nano-W alligation with Ta atoms resulted in a solid solution
regime where the crystallites size gradually decreases with increasing Ta concentration. These
structures have been characterized by XRD analysis: a-W samples have D < 4 nm, for D between
4 and 10 nm the coatings are u-nano-W, while for D > 10 nm the nano-W region is achieved.
Beside this wide range of crystallites size values, also the film mass density is deeply affected by
nanostructuring: values closed to bulk polycrystalline W (19.25 g cm™3) are found for nano-W
down to below 12 g cm ™3 for a-W. In the u-nano-W region, nanometric crystalline seeds are still
embedded in a more amorphous matrix which contains a significant void fraction, as indicated by
the low mass density. The nature of this void fraction (e.g. disordered amorphous nanostructure,
or dispersion of nano-voids) could be elucidated only by a systematic TEM analysis.

The different nanostructures determine different elastic properties; SBS has proven to be sensitive
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to these differences allowing a quantitative characterization of all the elastic moduli and their cor-
relation with the peculiar film structure. The a-W region is characterized by low stiffness, about
40% of the bulk crystalline values; the differences among various samples are mainly correlated
to differences in the film mass density (which is however low), the crystalline order being negli-
gible. For u-nano-W samples, the elastic properties result from a non obvious interplay between
the crystalline fraction, the averaged size of the crystalline seeds and void fraction. In this region,
even if appreciably different mass densities are found, the stiffnesses are quite similar (around 60%
of bulk W). Finally, the nano-W form is quite compact, as witnessed by the mass density which
approaches the bulk value, and the stiffness is mainly determined by the crystallites size. This is
comfirmed by the stiffness of W-Ta alloys which is consistent with the lever rule for sufficiently
large grains, and deviates from it for smaller grains (u-nano-W).

The PLD versatility in tailoring the properties of the films is thus comfirmed.
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