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1. Introduction
In recent decades, the significance of thin films
has grown considerably, playing a pivotal role
in enhancing substrate properties like corrosion
and wear resistance. These films also contribute
to the modification of optical, electrical, or mag-
netic characteristics. Notably, they are exten-
sively employed in the energy sector for develop-
ing advanced batteries and photovoltaic panels.
The exploration of thin films extends to stud-
ies on materials for fusion reactors, such as
the ITER project and TOKAMAK reactor, as
well as fourth-generation fission reactors, partic-
ularly LFR lead-cooled reactors. Thin films are
being considered as a potential solution to ad-
dress significant technological challenges posed
by aggressive environments in these reactors. In
the case of TOKAMAK-type reactors, where
extreme thermal loads, high neutron fluence,
and the presence of energetic plasma particles
are prevalent, the choice of an inert material
becomes crucial. This material must undergo
minimal changes in microstructural character-
istics and mechanical properties to resist in-
stabilities resulting in thermal loads reaching
GWm−2 and temperatures exceeding 1000°C. Si-
multaneously, the material should maintain ro-
bust mechanical properties without failure. Re-

searchers are investigating coatings of ceramic
materials like alumina (Al2O3) or alumina with
yttria Y2O3 deposited through the PLD (pulsed
laser deposition) technique. These coatings
have demonstrated resistance to the LME phe-
nomenon, safeguarding the substrate from cor-
rosion and ensuring resilience against typical re-
actor phenomena induced by radiation, such as
swelling, embrittlement, and recrystallization.
Furthermore, when deposited in an amorphous
or ultra-nano-crystalline form, these coatings ex-
hibit metallic characteristics, such as increased
ductility [4][5]. Additionally, proposals include
the use of metallic coatings like Al and Fe-Al
for internal structures, steam generators, DHR
heat exchangers, and primary pumps on AISI
316LN substrates [1]. It is necessary, therefore,
to investigate the thermomechanical properties
of thin films, such as stiffness, tenacity, mechan-
ical strength, and thermal expansion by keeping
in mind that:
• thin films do not have the same proper-

ties as the bulk material, as the reduced
thickness and average crystalline grain size,
as well as the presence of the substrate,
(which, due to the constriction at the in-
terface, changes the ability of the film
to deform), modify the atomic bonds and
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the deformation mechanisms. Generally,
nanocrystalline thin films result in a higher
strength and a lower stiffness than bulk
material[9][8].

• measuring film properties cannot be done
with the traditional techniques adopted for
bulk materials, i.e., imposing a stress state
and recording the material response, be-
cause of the small size of the film and the
presence of the substrate.

The microstructural and mechanical properties
of the films depend strongly on the deposition
techniques and the parameters adopted in them.
It is of interest to understand how microstruc-
ture influences thermo-mechanical properties in
order to be able, even qualitatively, to predict
the behavior of a film. In particular, predicting
the coefficient of linear thermal expansion allows
us to determine the magnitude of the stresses
that develop in the film as a result of the ap-
plication of a thermal load or repeated thermal
cycles, evaluating the resistance of the film-plus-
substrate system to thermal fatigue. In addi-
tion, the study of the stiffness and mechanical
strength of the films gives us an indication of
how resistant they are to wear, this being well
described by the ratio H/E, with H hardness and
E Young’s modulus.

2. Thermo-mechanical charac-
terization

Techniques used are Brillouin spectroscopy
for the investigation of the elastic properties of
the film and the Wafer Curvature Technique
for the analysis of the residual stresses and CTE.

2.1. Brillouin spectroscopy
Brillouin spectroscopy is based on the interac-
tion of laser light (λ=532nm) with the acoustic
phonons of the material under investigation. For
metallic materials, opaque for this wavelength,
the interaction occurs at the surface thanks to
the surface acoustic waves (SAWs). The can be
seen as a ripple on the surface that, creating a
diffraction grid, allows the interaction with the
light. The scattered light can acquire or loose an
amount of energy equal to the quantum of vibra-
tial energy (phonon) relative to that particular
mode.
Looking at (Fig. 2), the energy conservation im-

Figure 1: Interaction and momentum conserva-
tion in the laser light-phonon interaction. Figure
from [6]

.

Figure 2: Dispersion relation of a W thin film
on a Si substrate. In absissa, the product of the
surface wavenumber k// and film thickness h; in
ordinates, the velocities associated to Rayleigh
and Sezawa modes. Figure from [2]

.

plies that:
|ks| − |ki| = ±|q| (1)

Variation in light frequency (thus, in energy),
gives us information about the velocity of the
surface acoustic modes, that are strictly related
to the material’s elastic constants. Involving
the surface, only the component of the light-
wave wavevector parallel to the surface interacts.
Thus, measuring frequency shifts at different in-
cident angles gives us a dispersion relation.
SAWs intensity decreases exponentially with
depth, with a decay constant similar to the
wavelength; so, if the film thickness is lower than
the inspected wavelength, the interaction of the
substrate becomes really important(Fig.2).

2.2. Wafer curvature technique
It thin film and substrates have different CTEs,
the substrate will curve under a temperature
gradient. If the elastic properties are isotropic,

2



Executive summary Luca Castronuovo

the film thickness is constant and the adhesion is
perfect, the substrate will assume the form of a
spherical cap. Analogously, the residual stresses
due to growth mechanisms or lattice mismatch
will produce the same shape. The substrate cur-
vature κ and the stress in the film σf are linked
by film and substrate thicknesses tf and ts, and
the substrate elastic properties (Es,νs) through
the Stoney relation:

κ =
1− νs
Es

6σf tf
t2s

(2)

Consequently, upon measuring the substrate
curvature, the stress within the film can be de-
termined. Given that the curvature resulting
from temperature variations is typically very
slight, with a curvature radius on the order of
100 m, an exceptionally precise method should
be employed. This method involves the deflec-
tion of parallel laser beams. In the presence of
curvature on the sample, the incident parallel
beams reflect in a diverging or converging man-
ner. The change in the position of the beams
is then recorded by a sensor positioned at a cer-
tain distance from the sample, obtaining a stress
vs temperature plot, that gives us information
about the elastic and plastic behaviour of the
film. Moreover, knowing also the elastic proper-
ties of the film, we can determine the CTE.

3. Experimental Setup
3.1. Brillouin spectroscopy
The experimental setup used for Brillouin spec-
trospcopy includes a laser, optical systems and
collection lenses, a Fabry-Perot interferometer,
a photomultiplier tube and a chain of electron-
ing components, devoted to signal’s processing
and elaboration. Because the great majority of
photon’s emission belongs to elastic peak and
inelastic scattering cross-section is very small,
a high revelation efficiency is required. Thus,
a tandem multi-pass Fabry-Perot interfer-
ometer is used to resolve the low frequency shift
of Rayleigh surface waves (some GHz). The
backscattering configuration is used. Once
obtained the spectra for each sample at differ-
ent angles, velocities of one or more modes are
registered for each wavenumber. Then, using
Christoffel equations, with the right boundary
conditions, we obtain the theoretical velocities
for given elastic constants C11, C44 (assuming

an isotropic material). Performing a sum of the
squared difference between the theoretical values
and the measured ones on all angles and modes,
we obtain a map with the level curves of the
mean square estimator in the (C11,C44). Then,
individuated a confidence region, we are able to
give the elastic constants values of the film and
their uncertainties.

Figure 3: LS level curves. Red curves represent
lower values of LS. The straight continue line
represent the bulk modulus (Kbulk) of bulk ma-
terial, while the dotted one the ratio (G/Kbulk),
set as bounds for C11. Black curve represents
the 68% confidence region

3.2. Wafer curvature technique
The WCT apparatus consists of laser optics, a
vacuum chamber, and a CMOS sensor used to
measure the position of the laser beam, recorded
as spots. The sample is posed in a vacuum cham-
ber (P<10−5mbar) and heated, through an alu-
mina plate and a power supply (184 W). The
laser beams consist of a 2×2 array, spaced evenly
at 1 cm intervals.The array strikes the sample
surface at a 60° angle of incidence at its cen-
ter, and the measurement position remains con-
stant throughout the entire measurement pro-
cess. The reflected beams are captured by the
CMOS camera with the aid of a collecting lens.
A thermocouple, positioned under the sample, is
linked to a Data Acquisition system (DAQ de-
vice), enabling a seamless and automated cycle
of temperature measurements carried out using
a LabVIEW Virtual Interface. A MATLAB®
code for spots centroids’ determination and their
distances as a function of temperature has been
used.
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Figure 4: (a)Parallel beams deflection on a
curved sample, (b)optical path from the "rays"
POV [3]

Figure 5: Spots on the sensor; Intensity profile
can be seen.[7]

4. Results and Discussion
At first, samples have been elastically-
characterized through Brillouin spectroscopy.
Through Wafer Curvature, residual stresses
has been assessed, as well as CTE, stress-
relaxation’s behaviour and plastic flow. Several
thermal cycles have been performed on each
samples to increase the accuracy of the resuslts.
SEM images have been acquired before the
measurements, and, in some cases, after.

Figure 6: Vacuum chamber and optical
system[7]

Figure 7: Relative sensitivity 1
d∞

d(∆d)
d(1/R)

4.1. Samples
Micro-, nano- and ultra-nano-crystalline sam-
ples deposited with HiPIMS and PLD at
NanoLab@Polimi have been characterized. In
particular, Al and W thin films (DC, HiPIMS
and PLD), WN thin films (HiPIMS) and Y2O3

thin film (PLD).
Different samples exhibiting varied microstruc-
tures and densities were produced using a sub-
strate bias in HiPIMS and a background gas
(He) in PLD.

4.2. System Optimization
Regarding the optimization of the system, en-
hancements were made to the WCT’s optical
system to heighten sensitivity. Analysis revealed
that the accuracy of system curvature measure-
ment heavily relies on the positioning of the lens
(Fig.4). By adjusting the lens position, sensitiv-
ity was amplified by a factor of 6 (Fig.7). Ad-
ditionally, the series connection of heating mod-
ules allowed for a peak temperature of 650°C,
a substantial increase of about 300°C compared
to the maximum temperature achieved in prior
work[7]. Several minor adjustments were im-
plemented within the framework, including im-
provements in beam focusing, electrical insula-
tion, and optimization of analysis software. Fi-
nally, a pyrometer was employed to evaluate
temperature homogeneity, showcasing a maxi-
mum temperature deviation of less than 1%.
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4.3. Brillouin results
Brillouin results confirmed a good correlation
between material crystallinity, Young Modulus
and other elastic properties. As said, lower-
density nanocrystalline materials are ofetn asso-
ciated with a higher void fraction, hence a lower
mean interatomic bond.

Figure 8: Young Modulus of W samples (red)
and WN samples (black).

As depicted in Fig.8, there exists a correlation
between the Young’s modulus and both density
and microstructure. HiPIMS samples from bi-
ased W exhibit reduced density attributed to
heightened Ar inclusion[10]. Conversely, the
biased-WN samples’ lower density results from a
higher nitrogen content forming chemical bonds
with W, thereby augmenting its amorphous na-
ture. The pure amorphous tungsten, deposited
with PLD and He as backgraoung gas (70Pa),
has a low density (11 g/cm3), but non-porous
structure shows the lowest E (163 GPa), while
the highest value (365 GPa) is reached for high-
density n-W.
The measured values for aluminum samples in-
dicate that the DC sample demonstrates higher
values compared to the HiPIMS samples. Ad-
ditionally, the biased sample exhibits increased
porosity alongside a lower Young’s modulus.
Moreover, Brillouin spectra enable the evalua-
tion not only of the shear modulus but also of
the Poisson ratio.

4.4. Wafer Curvature Results
Through WCT, it was possible to determine the
residual stresses present in the samples before
and after heating. Large compressive stresses,
up to 1 GPa, were observed in tungsten samples

Figure 9: Measured residual stresses of the as-
deposited samples

deposited with HiPIMS, slightly higher for sam-
ples to which a time delay was applied in the
bias. For the WN samples,compressive stresses
between 500 and 1000 MPa were measured. In
the case of the sample containing 42% N, the
residual stresses exceeded 2 GPa, causing buck-
ling failure el sample. Following the measure-
ment of residual stresses, multiple thermal cy-
cles were executed on each sample, generating
a Stress vs Temperature plot. Initially, a lin-
ear trend is observed, succeeded by a non-linear
pattern attributed to stress-related phenomena
like structural relaxations, densification, and lo-
calized plastic flow. These processes can induce
microstructural and shape changes, such ass the
formation of hillocks, resulting from a compres-
sive stress relaxation.

4.4.1 Non-linear behaviour

The linear segment can give information about
the difference in CTEs between the film (f) and
the substrate (s). The slope is given by [Ef/(1−
νf )]∆(CTE). Several cycles can improve the
accuracy of the CTE determination. Fig.10 il-
lustrates an initial linear trend succeeded by a
non-linear shape associated with plastic defor-
mation. This deformation showcases a densifi-
cation effect, i.e., an increase in grain mean size
coupled with the development of tensile stress.
Hillock formation has been confirmed by a SEM
planar view for an Al specimens. Pre-existing
hillocks, formed by a strain-induced abnormal
grain growth, increased in size thanks to com-
pressive stress relaxation due to heating. A
strain-hardening effect can be seen, as the non-
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(a)

Figure 10: Stress vs Temperature: the non-
linear behaviour of an Al sample is shown

(a) (b)

Figure 11: Al-27 as deposited (a), and after
heating (b). Small hillocks before heating can
be seen (brighter grains), that became large af-
ter heating

linear behaviour occurred at higher compressive
stresses cycle after cycle. A strong densification
effect due to structural relaxation (but not grain
growth) can be observed also in WN samples and
in amorphous W-sample. The measurements
of Coefficient of Thermal Expansion (CTE) re-
vealed minimal disparity compared to the bulk
CTE, except for the amorphous sample a-W,
which displayed a notably higher value. This
outcome indicates that despite the low grain di-
mensions that might predict higher values, the
compact structure induced by HiPIMS and the
substantial residual stresses limit the material’s
expansion. Moreover, the values for aluminum
demonstrated a lower CTE compared to the bulk
value.

5. Conclusions
In this study, we conducted a comprehensive
characterization of the thermo-mechanical prop-
erties of thin films made of Aluminum, Tung-

Figure 12: Stress Temperature Diagram for a-W

sten, and Tungsten-Nitride. Our focus extended
to establishing correlations between deposition
techniques, film microstructure, and the elastic,
plastic, and thermal properties of these films. To
achieve this, we employed Brillouin spectroscopy
and the Substrate Curvature Technique, opti-
mizing the measurement system for heightened
sensitivity and accuracy. Significant enhance-
ments were achieved in the Substrate Curvature
Technique, with a relative sensitivity increase by
a factor of approximately 6. The measurements
of coefficient of thermal expansion (CTE) reveal
no significant difference between the HiPIMS-
deposited samples and the bulk material, with a
lower CTE observed for aluminum. In contrast,
samples deposited using Pulsed Laser Deposi-
tion (PLD) generally exhibit a higher CTE. This
disparity may be attributed to the high com-
pactness and density structure of HiPIMS sam-
ples, which provides a high atomic bond similar
to the bulk material.This observation is promis-
ing, especially when considering the thermal fa-
tigue that a tungsten film may experience in nu-
clear applications, potentially minimizing ther-
mal loads. However, it’s essential to note that
the high residual stresses developed with HiP-
IMS can lead to failure at lower temperatures.
Furthermore, a higher yield strength is associ-
ated with a greater hardness (H). The ratio of
hardness to Young’s modulus (H/E) serves as
a reliable indicator of a material’s wear resis-
tance. As crystallinity and thickness decrease,
yield strength increases, and Young’s modulus
decreases. This leads to an improved wear resis-
tance, making these films well-suited for Gener-
ation IV nuclear applications.
However, the microstructure instability of Al
thin films can lead to the formation of hillocks

6



Executive summary Luca Castronuovo

(a)

(b)

Figure 13: (a)CTE values of W samples, the
dotted line represent the value of bulk-W CTE.
(b)Ratio between CTEfilm and CTEbulk for
W(red), WN(black) and Al(blue)

and abnormal grain growth, and prevents it for
being used at very high temperatures.
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