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1 Problem statement and objectives

The structural characterization of nanomaterials is the crucial step in the scientific re-
search on the nanomaterials applications, because it allows to “observe” what really hap-
pens inside the material, giving to the researchers the possibility of correlating the results to
the physical and chemical properties of the analysed samples.

In the present work several characterization techniques based on X-ray diffraction and
electron microscopy were applied: X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and energy dispersive spectroscopy
(EDS). All these techniques have been used to characterize materials mainly produced for
the following applications:

Solid state hydrogen storage;
- Biomedical devices and prosthesis;
- Light metal alloys for automotive and aeronautics.

Aim of this work was, therefore, to prepare and characterize materials with different
physical and chemical properties in order to correlate their microstructural features to the
macroscopic behaviour required by each specific application the single nanomaterials were
designed for.

In particular, for the solid-state hydrogen storage nanomaterials the attention was fo-
cused on the structural modifications induced by the repeated H, absorption/desorption
cycles under which the samples were submitted. In this case, possible correlations between
the structural modifications and the hydrogen storage capacity of the material were dis-
cussed.

On the contrary, in the field of biomaterials and light alloys the microstructural modifica-
tions of the materials studied mainly accounted for the variation of their mechanical behav-
iour.

2 Research planning and activities

The work on samples addressing all the different above cited applications was carried out
simultaneously. After sample preparation, tensile tests, light yield measurements, hydro-
genation cycles, microhardness tests and other types of measurements have been per-
formed on the samples, according to their specific applicative fields. Afterwards, structural
characterization has been performed by means of:

- X-ray diffraction (XRD) measurements;

- scanning electron microscopy (SEM) observations:

- transmission electron microscopy (TEM) observations;
- energy dispersive spectroscopy (EDS) microanalysis.

Two kinds of materials for solid state hydrogen storage have been examined: Mg-based
thin films and Pd-PDMS composites.

The thin films were deposited by r.f. magnetron sputtering and Mg was chosen as the
main element because of its ability to store a high amount of hydrogen (7.6 wt.%).
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Despite the excellent capacity of hydrogen storage, pure magnesium has slow reaction
kinetics; to overcome this drawback, Mg thin films doped with 5at.% of a transition metal
(Nb) were deposited. All the films were coated with a Pd cap layer (20 nm) to protect
them from oxidation and to facilitate the dissociation of hydrogen on the surface.

The samples were subjected to several cycles of H, absorption/desorption and samples
subjected to 1, 2, 4, and 8 cycles, as well as those in the as-deposited condition (reference)
were then subjected to the structural characterization.

Even after the Nb addition, samples still suffered from structural issues such as the de-
crepitation (i.e. effective pulverization of the films due to the interaction hydrogen). To
overcome this issues, literature [1] suggested to synthesize composite materials. Therefore,
composite samples made of Pd and PDMS (polysilicon, Saratoga formulation) were pre-
pared and subjected to hydrogenation cycles and structural characterization.

In the field of materials for biomedical applications, metal alloys for dental and ortho-
paedic implants and scintillating crystals as detectors for PET, have been studied. In the
first case, the attention has been focused on a CoCrMo alloy produced by a rapid prototyp-
ing technique such as Direct Metal Laser Sintering (DMLS). The structural characterization
was performed on samples subjected to mechanical tests in order to correlate the mechani-
cal properties to the microstructure. The mechanical properties and light yield of four
LYSO:Ce scintillating crystals have been related to their structural features.

Light metal alloys for aeronautical purposes have been also investigated: two well known
alloys, AZ31B Mg alloy and 2219 aluminum alloy, were subjected to two different treat-
ments: the AZ31B alloy was welded by friction stir welding (FSW ), while the AA2219 alloy
was subjected to Equal Channel Angular Pressing (ECAP). The microstructure of the al-
loys was studied by electron microscopy techniques, in order to correlate the effects of the
two procedures on the microstructures of the considered light alloys.

3 Analysis and discussion of the main results

3.1 Materials for solid state hydrogen storage

Magnesium-based alloys have attracted a lot of attention thanks to the high storage capacity
of H, and at low cost: pure Mg can store up to 7.6 wt% H, [2].
Two kinds of thin films have been studied:

— pure Mg films (Mg-Nb 0at.%0);
— Nb-doped Mg (Mg-Nb 5at.%).

The thin films have a thickness of about 30 um and have been deposited by r.f. magne-
tron sputtering on graphite in Ar atmosphere [3]. After deposition, the samples were peeled
off the graphite substrate. The self supporting samples were then introduced in a volumet-
ric apparatus for H, cycling and for studying the isothermal sorption kinetics at 350°C [3-
5]. The results are reported in Figure 1, where is clear that reactions kinetics are an order of
magnitude faster in the case of the Nb-doped samples.
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Figure 1. Reaction kinetics of the pure Mg and Nb-doped thin films (%fz. XRD spectra of the Nb-
doped thin films (rzghs).

On the right side of Figure 1 the results of the XRD measurements on the Nb-doped
samples are reported. The deconvolution of the NbH, 4, (200) and to the Nb (100) reflec-
tions, gave an average dimension of the Nb particles of about 10 nm, obtained by applying
the Scherrer formula [6,7].

The composite samples were obtained by dispersing different amounts of Pd particles in
a polydimethylsiloxane (PDMS) matrix. Polysilossane belongs to a class of polymeric mate-
rials available on the market that exhibit high permeation rates to hydrogen even at room
temperature [8].

The metallic fraction is the commercially available palladium black powder provided by
Sigma-Aldrich (99,9% Pd), used without fractioning for the preparation of the composite
material.

Three different compositions were prepared with a nominal Pd content (in wt%) of:

- 5% (sample A);
- 15% (sample B);
- 50% (sample C).

Pd is the only element that absorbs hydrogen at ambient temperature and pressure form-
ing an interstitial metallic hydride PdH, ¢ [9].

Hydrogen storage capacity and desorption kinetics of samples with different Pd content
were analyzed in a Sievert type apparatus [10]. According to the US DOE goal for hydro-
gen storage to be reached until 2015 (working temperature in the range between -40 °C and
+80 °C) [11], investigations at different temperatures (60°C, 80°C and 100°C) and opera-
tional pressures (from 0,2 atm to 2 atm) were carried out, in order to obtain a complete
characterization of the sample kinetics [12].
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Figure 2. Left: Hydrogen storage performance of the composites. The horizontal axis of the figure
reports the H content with respect to the composite metal fraction. Solid symbol - 60 °C, open
crossed symbol - 80 °C and open symbol - 100 °C. Left: SEM micrograph of sample C (50 % Pd).

The SEM micrograph reported in Figure 2 (right) evidences the tendency of the metal par-
ticles to aggregates. The size of these metal clusters increases with the amount of the metal-
lic fraction, reaching a maximum for sample C (Pd 50%). This effect is mainly attributable
to the large dimensions of the powder particles, which could not imply any nanoconfine-
ment effect [1].

From the graph reported on the left side of Figure 2, the influence of the temperature
and absorption pressure values on the hydrogen storage properties of the composites is
evident. The hydrogen stored amount increases with temperature for all compositions
while the absorption pressure value, at constant composition and temperature, has a limited
influence on it. On the contrary, the content of the metallic fraction in the composite mate-
rial seems to play an important role. In fact, sample A (Pd 5%) stores a higher hydrogen
amount (about 3-4 times) than samples B (15 wt.%) and C (50 wt.%). This latter effect
could be related to the mean size of the metallic clusters formed in the composite materials

at the different concentrations.

3.2 Materials for biomedical applications

3.2.1  Biomaterials: CoCrMo biocompatible alloy produced by DMI.S

Additive manufacture of metallic parts is assuming a rising importance and generally in-
volves the consolidation of metal powder particles via a focused energy source in the form
of either a laser or an electron beam [13].

Direct metal laser sintering (DMLS) is an AM process using the heat of a solid state laser
to sinter metal powder particles. In particular, a distribution mechanism is used to pre-place
successive powder layers, which are locally sintered or melted in accordance with the CAD
model [14]. A scanning system controls the laser movements across the powder bed. This
technology, as other AM procedures, is highly rewarding in medicine, where a high degree
of personalization is required. Prosthetic applications are particularly well-suited for proc-
essing by means DMLS due to their complex geometry, low volume and strong individuali-

zation [15].
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CoCrMo alloys are widely used for biomedical implants such as artificial joints (knees
and hips) due to their excellent corrosion resistance, wear resistance and biocompatibility.

Co is characterized by two phases [16]: a y phase with a face-centered cubic structure
(fcc), stable at high temperatures, and a € phase with compact hexagonal structure (hcp),
stable at low temperatures. The fcc — hcp transformation in Co and its alloys is very slow
due to the limited chemical driving forces available to the temperature at which the trans-
formation takes place. Therefore, under normal conditions of cooling, the fcc phase re-
mains within the edge of the phase in the metastable state [16].

X-ray diffraction measurement were performed both on the Co-Cr-Mo powder used as
starting material for DMLS process, and on different regions of the sintered samples (Fig-
ure 5).

The XRD pattern of the sintered sample in Figure 3 (left) shows simultaneous presence
of both y and e cobalt phases, as indicated in Figure 3 (left) where each diffraction peak is
indexed with the name of the corresponding Co phase.

The XRD pattern of the as-received metallic powder, showed only peaks referable to the
y phase: this result indicates that in the analysed samples the laser beam produces a local
melting of the metal particles that solidify and cool down quickly due to the thermal con-
ductivity of the alloy, as well as the small heated region. Thus in successive small areas
there are conditions very similar to those responsible for the athermal martensitic trans-

formation.
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Figure 3. Left: XRD spectrum of the sintered CoCrMo alloy. Right: TEM bright field image of the e
lamellae inside the y phase.

TEM observations (Figure 3 right) of the sintered samples confirm the presence of the
two e and y cobalt phases. The DMLS process on the CoCrtMo powder led to the forma-
tion of an intricate network of thin e-lamellae inside the y cobalt phase that was never ob-
served before [17].

3.2.2 Detectors: LYSO:Ce crystals as detectors for Positron Emission Tomography (PET)

The LSO crystals have a combination of excellent properties to be used in PET and for
many years have been considered the best material for this kind of detectors [18]. High
density, high atomic number, quick decay constant and high emissions of light are some of
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their properties. Lutetium gives to this crystals a low level of natural radioactivity such as
do not interfere with the signal emitted by the tracers for PET.

The addition of yttrium (Y) and the cerium (Ce) doping , leading to the LYSO:Ce crys-
tals, resulted in a scintillation decay time comparable to LSO, making them promising can-
didates for applications in medical diagnostics, especially because of the ability to reveal
particles of gamma rays of 511 keV.

Four oxyorthosilicate crystals of lutetium-yttrium- cetium doped Lu,,; Y, SiO5:Ce with x
= 0.1 (LYSO), part of the same crystal grown by Czochralski method, have been examined.

Two of the four samples were subjected to an annealing process consists of the follow-

ing steps: heating ramp of 1 °C/min for 300 minutes, annealing at 300 °C for 10 hours (in
air), and air cooling (0.5 °C/min) [19].
Mechanical properties, such as ultimate tensile strength, g, and Young's modulus, E,
were evaluated by performing a four points bending test, generating a constant bending
moment on the sample and, consequently, a known distribution of stress in the sample
[19]. Results are shown in Table 1.

Table 1. Results of bending test. The samples were numbered according to a criterion established

by the manufacturer.

Sample ours (MPa) E (MPa) Annealing
1 94 182 Y
6 68 129 Y
8 78 174 N
10 79 174 N

The samples subjected to annealing (samples 1 and 6) showed the best mechanical proper-
ties (sample 1) in terms of g, and E, and the worst overall performance as for sample 6.

The light yield of the four crystals have been measured using the photomultiplier tube-
with a source of Cesium-137: no remarkable differences have been observed.

The crystals were then crushed in a mortar and subjected to XRD measurements in 6-20
configuration (6 = 13°-70°) with Cu-Koa radiation. The lattice parameters were determined
applying the Rietveld refinement method [20] using the FullProf software [21]. The applica-
tion of the Rietveld method allowed to obtain the space group 12/a, compatible with C2/c¢
and the following values of the lattice parameters: a = 1.421 nm, b = 0.661 nm, ¢ = 1.024
nm, and B = 122.11°. These values of the lattice parameters were confirmed by neutron

diffraction measurements.
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TEM observations showed an homogeneous structure for samples 1, 8 and 10. In sam-
ple 6, however, TEM revealed the presence of numerous spherical coherent precipitates,
contrast with the typical "coffee bean" contrast (Figure 4).

EDS microanalysis performed on the precipitates and on the matrix showed a higher yt-
trium concentration in the precipitates area.

Sample 6 resulted to be the most interesting due to the presence of coherent precipitates
in the microstructure and to its worst mechanical properties, while the other annealed sam-
ples (sample 1) showed the best mechanical performance but did not show any particular
structural feature.

Therefore, it is likely to suppose that the mechanical properties of the examined
LYSO:Ce crystals are influenced by the microstructural characteristics, rather than by the
particular annealing treatment.

3.3 Light metal alloys

Light metal alloys are the basics raw materials for industrial and aeronautical applications.
Two alloys based on aluminum and magnesium, the well known AA2219 and AZ31B, have
been examined. Two different methods of Friction Stir Welding (FSW) have been applied
to AZ31B magnesium alloy sheets. The effects of the welding process on the mechanical
properties and microstructural joints were investigated by metallographic analysis by light
microscopy, Vickers microhardness tests, tensile tests at room temperature and analysis of
the fracture zone after tensile tests by means of a scanning electron microscope (SEM) [23].

—— *( ' .

Figure 5. Sample of AZ31B after tensile the test showing : a) dimples, b) cleavage features.

Figure 5 shows the SEM micrographs of the welding after the tensile test: all the samples
showed zones with cleavage features and zones with dimples.

The fracture has probably started in the areas of cleavage, then the coalescence of mi-
crovoids during application of the load, caused a decrease of the tensile strength and the
consequent rupture of the samples. EDS microanalysis performed on the impurities ob-
served in the dimples showed the presence of the elements such as C, Ca and O, confirm-
ing their impurities nature, probably due to the FSW process.

The 2219 aluminium alloy has been subjected to equal-channel angular pressing (ECAP)
[24] and the strengthening effect of the (Fe,Mn,Cr);Si2Alis intermetallics has been evaluated.
Three samples corresponding to the following conditions have been examined:

- as extruded (AE);
- after one ECAP pass through route A (ECAP/A-1);
- after two ECAP passes through route A (ECAP/A-2).
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The SEM micrograph of the ECAP/A-2 sample is reported in Figure 6. A stereological
method of quantification based on the Woodhead coefficients [25] has been applied to 5
SEM micrographs belonging to each condition, in order to calculate the particle size distri-

bution.

Figure 6. SEM micrograph of the sample after ECAP/A-2 passes.

The quantitative stereological study allowed the calculation of several parameters charac-
terizing the size of the intermetallics and their mutual distances inside the different sam-
ples. As reported in literature, the presence of intermetallic compounds contribute to the
alloy reinforcement [26]. In order to evaluate the effect of these compounds on the behav-
iour of the AA2219 alloy, the parameter of intermetallics appearance index (IPA) [27] was
calculated, together with the strengthening terms g, ;- (fraction of load carried by the in-
termetallics instead of the matrix) [26] and g, [28] (alloy strengthening due to the pres-
ence of the intermetallics). Table 2 shows the results from the calculations [24,29].

Table 2. Evolution of dimension, volume fraction and the strengthening terms of the
(Fe,Mn,Cr);Si»Alis intermetallic particles.

Deformation PA IPA variation to Aort AG1ntermet
status AE (%) (102 MPa) (MPa)
AE 63-103 + 0.2 - 57 1.85
ECAP/A-1 36103 + 0.4 44 96 4.4
ECAP/A-2 32:103 £ 0.5 50 88 4.2

*Adapted from [24] and [29].

It is clear from data reported in Table 2 that the values of the IPA and the strengthening
terms Ao, and Ao, ate increased at ECAP/A-1 pass but then remain substantially un-
changed at ECAP/A-2 passes. This result fully agrees with literature [20].

All the others contribution to the alloy strengthening have been evaluated from the
TEM micrographs. Afterwards, all the microstructure strengthening contributions have
been combined as showed by Cabibbo [26] and the result has been compared with the val-
ues calculated with the model of the measured proof stress: an extraordinarily “perfect”
agreement between experimental and calculated proof stress was obtained in both the
ECAP experimental conditions [29].
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4 Conclusions

In the present research the structural characterization techniques based on electron micros-
copy and X-ray diffraction have been applied to several classes of nanostructured materials.

For each class of materials analyzed, the main results can therefore be summarized as
follows:

- Nb-doped thin films (Mg-Nb 5%) showed reactions kinetics one order of magni-
tude faster than those of pure Mg (Mg-Nb 0%): Nb nanoparticles reduce the ther-
mal stability of MgH, and accelerate the H, desorption kinetics;

- Mg-based thin films becomes porous after the interaction with hydrogen. Moreover
Nb particles form clusters enhancing the porous structure formation;

- the Pd-PDMS composite samples showed a particular interaction with hydrogen,
placing them in an intermediate position between the bulk structure and the
nanoparticles, thus being reasonably considered as structures that have their own
scientific identity;

- in the biomedical CoCrMo alloy produced by DMLS, the laser action induces an
athermal martensitic phase transformation, producing an intricate network of thin
e-lamellae distributed inside the y phase, never observed before;

- in the LYSO:Ce crystals, sample 6 is the one that shows the worst mechanical
properties and is the one whose microstructure is characterized by the presence of
spherical coherent precipitates ("coffee bean-like” contrast). The combination of
these two effects leads to the conclusion that the microstructural features have a
crucial effect on the mechanical properties of the crystals, while the annealing
treatment is less important;

- the AZ31B welded by FSW showed a transgranular fracture with cleavage features
and dimples, due to the inclusion of impurities during the FSW process;

- the AA2219 subjected to ECAP showed that the intermetallic appearance index
(IPA) shows values decreased from the as-extruded to the first ECAP pass, while it
remains essentially unchanged with accumulated shear strain. Moreover, the
strengthening contribution coming from the intermetallic particles resulted to be an
important feature in the calculation of the overall alloy proof stress.
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