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Chapter 1

Introduction

1.1 Aim of the thesis

1.1.1 Background

The aim of the project has been the production of advanced materials based on
zirconium oxide (or zirconia, ZrO,). This particular ceramic oxide is one of the
most studied materials both in research and in application fields. Many technologi-
cal applications have been involved on zirconia-based materials research, thanks to
their good mechanical, thermal, functional and sometimes unique properties (see for
example Figure 1.1) [1, 2].

The scientific interest about zirconia has been justified mainly by technological
and economic motivations. Even if, as reported above, several uses already exist,
many others could be exploited, widening the plethora of opportunities. Moreover,
it is not clear why some devices show high performance, meanwhile, others manifest
different problems during its application. For example, one of the major problems
in orthopedics concerns the abrupt mechanical properties loss of the hip joint head
(see Subsection 1.2.2 on page 7).

One of the principal aims of material science is to improve the performance of the
materials. From this point of view, scientific research has the aim of explaining the
reasons for the problem and finding appropriate solutions. As sometimes happens,
the search solutions bring to light new knowledge that in turn can lead to new and
unexpected use of the same material.

The material science has also the vocation to create new or still unexplored
materials. In the last decades, the technological advancement, along with the sci-
entific knowhow, produced many devices with spectacular properties. All this has
been developed also thanks to the nanotechnology facility, which is the leading sec-
tor in advanced sciences. One of the main characteristics of these facilities are the

possibility of producing tailored materials controlling the synthesis parameters.
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Figure 1.1: Examples of zirconia engineering applications.

1.1.2 Project overview

The project has been divided into two parts focused on advanced zirconia-based
materials and their characterization.

The first part has been centered on basic structural modification of ZrO, in
presence of doping aliovalent cation. Several modifications of the zirconia system
have been explored. First, the classic polymorphs of the zirconium oxide with yt-
trium Y(IIT) have been investigated in order to study the well-known engineered
zirconia. Oxygen vacancies role with the Cathodoluminescence (CL) technique has
been performed in a quite innovative way. The yttrium-stabilized zirconia in co-
doped system with europium Eu(III) has also been studied. Europium is a rare
earth (RE) cation, so it has luminescent property, which is strong interested by
the crystal field surrounding. A study about the controlled monitoring of zirco-
nia tetragonal-to-monoclinic transition, induced by mechanical compression cycles,
has been analyzed. A quantitative monitoring of the zirconia phase by lumines-
cence has also been performed. These studies shown a direct correlation between
Photoluminescence (PL) and X-ray Diffractometry (XRD) analyses and the possi-
bility to monitoring quantitatively the crystalline phases in an easier way. Another
aspect has concerned the possible influence of the oxygen vacancies on the stabiliza-

tion of the metastable tetragonal phase. Since the literature reports that this phase
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is stabilized by oxygen vacancies in a tetragonal lattice (see Subsection 1.2.1 on the
next page), it has been verified a possible destabilization mechanism, introducing
doping agent with inverse effect, such as tantalum Ta(V). So, in order to desta-
bilize progressively the tetragonal phase, some zirconia powder systems, co-doped
with Y, Eu and Ta in different ratios, have been prepared. Luminescence and XRD
analyses have been performed in order to check the role of Ta on the oxygen va-
cancies into zirconia system. Finally, since in literature there is still an interesting
and open discussion on the properties of the tantalum-doped zirconia, a detailed
study has been carried out preparing and characterized some consolidated samples
of the ZrO,-Ta,O; system by a Spark Plasma Sintering (SPS). This has been made
after a detailed study of the crystalline phase developed in powdered samples with
a Ta doping in the range 1-20 mol%. This research has also been performed on
the base of the experience of the research group on the structure analysis and their
transformations of zirconia-based materials [3-7].

The second part of the thesis has been focused on the preparation of tailored zir-
conia nanoparticles (NPs). This part of the project has been totally new and interest-
ing for the results achieved. The main goal has been the production of zirconia NPs
with two main characteristics: mesoporous network and colloidal dimension with
controlled shape and size. The samples have been prepared by the sol-gel method
along with organic template synthesis. This procedure is well known in literature for
other mesoporous materials, such as silica (see Subsection 1.3.1 on page 11), but no
many examples are reported for zirconia. The experience about Mesoporous Silica
Nanoparticles (MSNs) of the research group has been used as technical background
[8-13]. Many variables have been tested during the period of the thesis in order to
optimize successfully the process. The good results of the synthesis stimulated the
author to investigate the applicability of this optimized system as nanocarrier for
drug delivery, biosensing, imaging and theranostic. The high surface area allowed
an adequate loading, reducing toxicity of the drug itself. In addition, more than one
species (drugs, magnetic NPs, quantum dots) could be loaded into the same carrier
with a cooperative and synergetic effect. The external surface could be also func-
tionalized (PEGylation, labelling and targeting agents) in order to favor a pointed
treatment of disease and a good final clearance. In this way, Mesoporous Zirconia
Nanoparticles (MZNs) could be considered as promising multifunctional platform
for delivery, diagnosis and therapy. In the last years nanomedicine produced many
efforts in this research field [14]. Even though there are still key barriers that block
the laboratory formulations transfer to clinical applications, recent developments
on inorganic-based delivery vehicles revealed new horizons for some biomedical ap-
plications. The most used inorganic systems are based on MSNs, but also gold

NPs, carbon nanotubes (CNTs) and quantum dots (QDs) are extremely interesting
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[15, 16]. Among these, MZNs are quite new and less studied as nanocarrier, due to
their processing difficulties and have at least three interesting advantages: excellent
catalytic activity and selectivity, better chemical inertia than silica or alumina, acid-
basic and redox properties at the same time [17, 18]. Furthermore, the guest species
(such as phosphors, luminescent or magnetic compounds and drugs) would take a

direct advantage from the zirconia host [19-24].

1.2 Zirconia structural materials

1.2.1 State of the art

Zirconium oxide or zirconia (ZrO,) is an interesting, useful and resourceful metal-
oxide. This great versatility it comes from its different crystal modifications. From
structural and crystallographic point of view, zirconia has three well-known poly-
morphs with particular stabilization thermal range: monoclinic (m) until 1170 °C,
tetragonal (t) from 1170°C to 2370°C and cubic (¢) from 2370 °C until the melt-
ing point at 2680°C. At very high pressure other less studied phases (especially
orthorhombic) could be obtained. Crystallographic properties of the well-known
phases have been reported in Table 1.1. The tridimensional views of the three unit
cells have been shown in Figure 1.2.

Table 1.1: Crystallographic parameters of the principal polymorphs of the zirco-

nium oxide. For tetragonal phase, the lattice parameter a and volume in brackets
have been reported to compare with the other phases a parity of Z = 4.

Monoclinic Tetragonal Cubic
(m-Zr0O,) (t-Zr0O,) (c-Zr0,)
Stability range (°C) <1170 1170-2370 2370-2680
Space Group (SG) P2 /c (14) P4y /nme (137) Fm3m (225)
Z 4 2 (4) 4
a=5.156 A a=3.594 A a=5.124 A
Cells parameters b=5.191 A4 (a=5.004 A)
P ¢=5.304 A ¢=5.17TA
B =98.9°
Cell volume (A”) 140.25 67.16 (134.34) 134.53
Density (gcm™) 5.83 6.10 6.06

The zirconium cation Zr** has a coordination number of 7 in the monoclinic
phase: the four oxygen atoms (Oy;) have a tetrahedral symmetry with the cation,
while the other three oxygen atoms (O;) are randomly oriented. The O atoms on
the (001) plane are rather mobile and they favor the twinning growth. The tetrag-
onal phase is characterized by a distorted cubic coordination of the eight oxygen
atoms around zirconium cation. One tetrahedral is elongated, the other is flattened.

The cubic phase has a fluorite-type structure with perfectly eightfold symmetry

4
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of the oxygen atoms. The different Zr(IV) coordination have been represented in

Figure 1.3.

a. Monoclinic b. Tetragonal

Figure 1.2: Zirconia polymorphs unit cells. Zr** in green and O?" in orange have
been reported, respectively.
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a. Monoclinic b. Tetragonal c. Cubic

Figure 1.3: Oxygen coordination in zirconia polymorphs.

The tetragonal-to-monoclinic (¢ - m) transition starts with a 4% volume ex-
pansion and it is a reversible thermal martensitic transformation®. It involves a
large temperature hysteresis (200 °C) and can be induced by thermal transition or
mechanical stress |1, 2, 25]. On heating monoclinic zirconia, the transition occurs at
1170 °C, while during cooling, tetragonal transformation occurs between 850 °C and
1000 °C. From a mechanical point of view, this transformation typically takes place
in two stages: first, the transition occurs by shear displacement of Zr** cations,
then the diffusional migration of O anions to monoclinic sites symmetry takes
place as confirmed also by X-ray Diffractometry (XRD) [26]. The reverse transition

is controlled by the diffusional displacements of the respective ions.

LA diffusionless shear process characterized by a transformation hysteresis during the heating
and cooling cycles.
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The ¢t - m transition is particularly harmful for the mechanical resistance of
the ceramic pieces, causing a fragile fracture. In order to avoid undesirable frac-
tures a stabilization of the tetragonal phase is necessary. This process, known as
Transformation Toughening (T'T), increases its tenacity producing a stabilized zir-
conia, defined also as ceramic steel [27|. This stabilization can be obtained with
the introduction of doping oxides, such as yttria (Y,O), magnesia (MgO), lime-
stone (CaQ) or rare-earth oxide (Ln,Oy) into the structure. At room tempera-
ture (RT), different stabilized ceramics can be prepared using suitable amounts of
these aliovalent? compounds. The final materials could be fully stabilized, such as
Full Stabilized Zirconia (FSZ) and Cubic Stabilized Zirconia (CSZ), or only par-
tially stabilized, such as Tetragonal Zirconia Polycrystalline (TZP) and Partially
Stabilized Zirconia (PSZ) [1, 2|. The grain size also influences the transformability
and the toughness of these ceramics, particularly the smaller is the grain size the
higher is the stability. Really, these ceramics are metastable because under stress
condition the as-mentioned transformation is activated, with a slow degradation of
the mechanical properties. In fact, the TT mechanism implies the ¢ — m transition
at the edge of the fracture. The volume expansion connected at this transition in-
duces compressive stresses that halt the crack movement. Common employments
for these materials are: Thermal Barrier Coatings (TBCs) [28], dental and bone
prostheses [29, 30] and high resistance laminates [31]. Finally, also water and vapor
can induce a spontaneous hydrothermal degradation at low temperature, known as
Low Temperature Degradation (LTD) [32].

Since the substituted cations are trivalent (M®*) or bivalent (M?*), a modifica-
tion of the atomic sites is mandatory, in order to preserve the charge neutrality [1,
2]. In particular, oxygen vacancies into the stabilized zirconia (10-20% of vacancies)
have been verified experimentally [33]. This defected structure determines a great
anions 0%~ mobility, high-temperature ionic conductivity and the oxygen vacancies
act like positive charge carriers. This mobility is used for the so called probes-\ 3,
which are used as gas sensor, such as for engine exhaust gases [34, 35]. Another recent
application, based on the vacancies mobility, is the development of zirconia-doped
systems as electrolytic part for Solid Oxide Fuel Cells (SOFCs) [36, 37] and in catal-
ysis [38]. The ionic conductivity depends on intrinsic (concentration of stabilizing
oxides and impurities) and extrinsic (temperature, atmosphere and time) parame-
ters. When the radius of the dopant cation decreases the conductivity increases. The
smaller is the difference between Zr (79 pm) and dopant cation radii the lower is the

lattice strain, since the cations association with vacancies is reduced. Lower dopant

?Having a different valence respect to the substituted atom or compound.
30xygen sensors that measure gas partial pressure in carburetors equipped with a three-way
catalytic converter.
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concentrations do not provide sufficient vacancies for good anions mobility, while
higher concentrations give rise to an ordered defected structure, vacancies clusters
and electrostatic interactions, which decrease the conductivity [2].

Other important characteristics concern the thermal stability, low thermal con-
ductivity, stress, erosion and fatigue resistance, and superplasticity at high tem-
perature [1, 2, 39]. Thanks to its high-temperature resistance at corrosion, erosion,
abrasion and fracture, zirconia found many applications in extreme environmental
applications such as oil factory (pumps, valves, nozzles). High performance blades
are made in zirconia because of its high resilience. Thermal properties, such as ther-
mal shock resistance (AT=300-400°C), low thermal conductivity (<2WmK™)
and high Coefficient of Thermal Expansion (CTE) (>107° K1) are very useful prop-
erties utilized for turbine blades TBCs application. Another great advantage is
the high temperature chemical resistance that allows the use of these systems as
refractory fiber and furnace ceramic additive.

Cubic zirconia could be useful for nuclear waste storage, thanks to its radiative
and hydrolytic stability and the possibility to incorporate actinides cations. The
cubic zirconia optical properties (refractive index 2.15-2.18) make it much attractive
for diamond-like brilliance gems. Moreover, the lower phonon energy (270 (m), 435
(t) and 480 cm™" (c)), which influences the non-radiative relaxation processes, makes

it better than silica (1100 cm™) for some optical applications [40, 41].

1.2.2 Problems to solve

The most important engineering drawback of the stabilized zirconia is its metasta-
bility. There are two phenomena which plague the engineering zirconia ceramic. A

schematic view of these problems have been summarized in Figure 1.4.

Tetragonal zirconia ceramics

dry atmosphere

fast fracture moist atmosphere

Transformation Toughening Low Temperature Degradation

Figure 1.4: Main degradation mechanisms by which metastable tetragonal phase
could transform to monoclinic phase.

The above-mentioned toughening mechanism, schematically reported in Fig-

ure 1.5, is the cause of zirconia devices failure. The ¢ — m transition is related

7
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to the amount of tetragonal phase present in the ceramic. Depending by the work-
ing stressed conditions the monoclinic phase amount increases at the edge of the
fracture until a complete transition is achieved. So, the aging processes, more o less
rapid, causes the mechanical properties decay, sometimes with catastrophic conse-
quences. Even if, during the aging process, the creation of a compressive surface
layer of monoclinic phase on the ceramic can benefit certain types of TZP improving
the stress resistance for a brief period; further aging treatments, can result in a rapid

mechanical deterioration [42].

- oo =
@.-

Figure 1.5: Scheme of the Transformation Toughening mechanism at crack edge.

As mentioned previously, the working conditions of the sintered systems play an
important role in the final breakdown. In addition to the stresses, moisture and
water are responsible for other degradation mechanism, known as Low Temperature
Degradation (LTD). This kinetic phenomenon occurs from RT to about 400°C
in presence of moisture and induces a slow ¢ — m transformation. It begins at
the surface and it could accelerate the ceramic embrittlement in presence of stress.
Although the precise mechanism of this destabilization remains uncertainty, it seems
that LTD kinetics are similar to oxygen vacancy diffusion. In particular, it could be
occurred by the diffusion of hydrated species with similar oxygen vacancy diffusion
activation energy. Therefore LTD is an alternative to crack propagation, stress-
induced transformation for the ¢ — m transition [32]. In Figure 1.6 has been reported
a simplified view of this mechanism.

The application of zirconia as orthopedics materials is actually much debated

among scientists, industrials and clinicians. Thanks to its already mentioned excel-

8
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Figure 1.6: Scheme of the Low Temperature Degradation mechanism.

lent fracture toughness (K7.), stabilized zirconia (with yttria, magnesia or lime) is
used for structural applications also for biomedical applications, such as dental and
femoral prostheses. In the past, the utilization of zirconia in biomedicine was limited
by the production process because of the raw materials (silicates and baddeleyite)
contained some radioactive impurity (thorium Th and uranium U). Innovation and
better purification process reduced drastically their presence favoring the zirconia
applicability. Up to now, there are some disagreements about its use in biomedicine.
Just in the 80s, histomorphological tests found out which zirconia should be avoided
between bone and prosthesis [43]. Beresford found that the osteoblasts life cycle was
interfered by zirconia covers at the interface with the bone [44]. Liu et al. assert
that films of materials based on zirconia favor the proliferation of the bone marrow
and apatite, and support the cytocompatibility of the same [45]. Other works con-
sider optimal the potential gap-bridging of such type of cover without the connective
tissue development |2|. The substitution of femoral heads is one of the most used ap-
plication field of the zirconia (over 600 000 worldwide implants until 2006), however
reports of the English Medical Device Agency (MDA) and the American Food and
Drug Administration (FDA) focus the attention on the long-period dangerousness
of these prostheses [46].

Biomedical grade zirconia has the best mechanical properties among the oxide
ceramics as consequence of the already mentioned mechanism. Zirconia manufac-
turers assert that the problem was limited in vivo situation since 20 years ago, when
a few hundred of femoral heads failed in a brief period, with a worst impact for the
devices utilization. Even if the failure rate before that moment was very low, many
experts declared that it was unacceptable to implant a not fully stable materials
in the body [46]. Moreover, even if some excellent behavior [47] contrast with oth-
ers poor follow up results [48], leaving the debate open, few studies report detailed

surface degradation of the implants [49, 50].
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In the last years zirconia macroporous carriers demonstrated good coverage abil-
ity with osteoconductive hydroxyapatite, but also with osteoinductive proteins?® [51-
53]. Beside the structural applications, zirconia is widely employed as stiffener in
biocompatible materials. Pure hydroxyapatite has less mechanical properties than
zirconia, so the addition of zirconia pellets increases its strength 2-3 times [54].
This toughening is due to the calcium zirconate (CaZrO;) and to the well-known
TT process. Even if CaZrO, favors the adhesion on the bone, it seems to cause
delamination of the coverage decreasing the mechanical properties [55]. Finally, it
is worth noting that better properties could be achieved with high-technological

deposition techniques, such as plasma, sputtering and spray [2].

1.2.3 Solutions proposed

In order to monitor the zirconia degradation progress, a sensitive quantification is
necessary, usually with a structural analysis, such as XRD. Since atoms positions
and their coordination change from one phase to other, a crystal field sensitive tool
could be a valid choice. Lanthanides cations, in particularly Eu(IIl), are avail-
able as tetragonal zirconia stabilizers. Moreover, its luminescence depends from the
surrounding crystal field, which influences the maximum emission wavelength of a
particular electronic transition. In this way, a local transformation of the phase can
be visible by spectroscopic analysis and the introduction of RE dopant into zirconia,
can be a valid tool for the transition ¢ — m monitoring [6].

Since the oxygen vacancies are induced by the trivalent (or bivalent) doping
cations, pentavalent cations (tantalum Ta(V), vanadium V(V) and niobium Nb(V))
could be used to prevent this type of defect |56, 57|. The possibility to prepare
a stable vacancies-free ceramics, or polymorphs, with good mechanical properties
can be considered as an excellent result in order to refresh the appeal of zirconia.
Some technological advantages are suggested in literature from the production of
zirconia tantalum-doped materials, for example a better hot corrosion resistance for
TBCs [57-60]. In parallel, some papers evidenced the presence of three orthorhombic
phases into zirconia systems, stabilized also by some dopant as MgO, at high pressure
and temperature and for some of these systems, with specific composition, detailed
structural studies are reported [61-64].

Even though Ta-doped zirconia systems are already studied, very scarce and not
always coherent data are available for phase relations on this system [56, 59, 65—
67]. The homogeneity range of orthorhombic phase is found to be up to 33 mol% of
Ta,O; in ZrO, [68|. Some paper reports that the addition of tantalum brings about

40steoinduction is the process by which osteogenesis is induced. Osteoconduction means that
bone grows on a surface. Osseointegration is the stable anchorage of an implant achieved by direct
bone-to-implant contact.
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the gradual stabilization of the tetragonal zirconia; meanwhile, some others show the
presence of an orthorhombic phase. Probably, XRD results are variously interpreted
and the too limited range of the X-ray patterns investigated did not highlight the
differences between the two phases, which are particularly evident at angles higher
than 35° in 20. High temperature solid solutions with orthorhombic phase, such as
TaZr, ;Og could be instead formed [68, 69]. Another hypothetical phase reported
by Sellar has the formula Ta,ZrgO,, [70]. In order to investigate the stabilization
process of zirconia the project research has been focused on the Ta-doped system,
since, as evidenced in literature, higher valence and lower sized cation can stabilize
zirconia remarkably [56]. The tantalum alloying into the zirconia systems is expected
to suppress the oxygen-ion vacancy formation as a result of the cationic substitution
of Zr with Ta.

1.3 Zirconia nanomaterials

1.3.1 State of the art

The long-period experience on silica-based systems and their wide applications pro-
duced a very large interest and exploitation of this oxide and it has encouraged the
research on other type of oxides with different properties and for different applica-
tion routes. In the last forty years zirconia, and its modifications, has been used in
many high-technological fields as advanced ceramic, thanks to its unique mechani-
cal (as previous reported in Subsection 1.2.1 on page 4) and functional properties
[2]. Beside the above-mentioned applications as bulk material, in the last decades
few attentions have been focused on the correspondent nanoscaled systems. The
template synthesis via sol-gel®, widely employed for silica materials, are used and
adapted for preparing zirconia [71-73].

Sol-gel techniques allow preparing inorganic materials starting from organic pre-
cursors. Soft-chemistry is widely used for tailored materials and nanomaterials
production |74]. The main elements that characterize the soft methods are the mild
synthesis conditions and the greenest possible reagents. The first that used this
term (in French chimie douce) was Jacques Livage in the 1977 and in his other pub-
lications [75]. In the 70s and the 80s these techniques were developed considerably,
even if in the 1968 Stober, Fink, and Bohn had already developed one of the most
famous soft-chemistry synthesis for tailored silica spherical NPs [76]. Actually, just
in the half of XIX century, Ebelmen and Graham prepared silica gels starting from
organic precursors |77, 78]. Other famous scientists that focused many attentions on

this research field were Rayleigh e Ostwald, which gave the name at the well-known

5Sol is a colloidal dispersion solution, while gel is a solid integrated network.
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Ostwald ripening process® [79, 80].

Sol-gel methods are much diffused and flexible techniques for the tailored struc-
tural and functional materials [81]. The main reagents are: the matrix precursors,
usually alkoxides (M(OR)n), water, some catalyzer, co-solvents and/or complexant
agents. The reaction products are similar to inorganic polymers where the cations
are bond through bridging oxygens as in the glasses. Hydrolysis and condensation
are the main and competitive reactions that govern the sol-gel process. Hydrol-
ysis, schematically represented in reaction (R1.1), forms the partially or totally

hydrolyzed units

M(OR), + HyO == M(OR), _,(OH) + ROH (R1.1)

as clearly understandable, when the molar ratio alkoxide:water=1:n the hydrol-
ysis is complete. The hydrolyzed units (partially or totally) are involved in the
condensation reaction. A nucleophilic attack from one hydroxide (M-OH) or alkox-

ide (M-OR) group happens as follow

M-OH + M-OX == M-O-M + X-OH with X=H o R (R1.2)

A glass-like network is produced with water or alcohol as byproducts. For high
coordination center (Ti(IV) o Zr(IV)) hydroxide bridging is also possibile to achieve
[74]

M-OH + M-OX == M-(OH)-M-OX with X=H o R (R1.3)

The global reaction for the colloidal suspension (sol) depends both from precur-
sors intrinsic and extrinsic factors, such as solvents, induction time and pH. With
acid catalysis a terminal units reaction is favored, while with basic catalysis, central
units are more reactive. Acid and basic catalysis promote respectively microporous
and macroporous systems.

During the gelation of the sol, oligomers species (cluster), could react each other
forming interconnected network or, alternatively, could grow. The main factors that
influence this step are: pH, the sharp increment of viscosity and the gelation time.
During the gelation, the solvent swells into the gel, and only after its removal, a dry
gel is obtained. If the initial structure is preserved an aerogel is obtained, otherwise
xerogel is formed.

In the early 90s, it was published the first examples of mesoporous materials pre-

pared by template synthesis [82, 83]. Taking advantage of the self-assembly behavior

SInstability of colloidal system where the smaller particles tend to aggregate in order to form
bigger and more stable entities.
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1.3. Zirconia nanomaterials

of amphiphilic molecules”, such as surfactant, a micellar structure could be obtained
and used as template for the sol-gel synthesis. Depending on the type of molecule
(cationic, anionic or neutral), its concentration and the environmental conditions,
micelle with different shapes and sizes can be prepared. These structures are used as
template scaffolding for the sol-gel synthesis. After the template removal a porous,
ordered or less, network is obtained. Up to now silica has been the main system
studied, thanks to the well known chemistry of its alkoxides.

Mesoporous oxide systems are attractive to their high surface area [84|. More-
over, mesoporous zirconia based materials have further additional properties, such
as catalytic activity and selectivity, better chemical stability than alumina or sil-
ica, amphoteric and redox properties [1, 2, 17]. Except silica, the syntheses of other
mesoporous metal-oxide materials require a more careful control of the reaction us-
ing the traditional sol-gel techniques. The two most used methodologies are the
soft-template and the hard-template processes. The former involve a surfactant or
co-polymer, as structure-directing agent, and an organic oxide precursor |72, 85-87].
The latter use an inorganic material as a scaffold and different oxide precursors can
be used [88-90]. The major limits of the soft-template come out during the synthetic
process and the surfactant removal. The moisture sensibility and the rapid hydrol-
ysis kinetic of the zirconium alkoxides (Zr(OR),) is the most problematic issue to
control during the synthesis [91, 92|. Calcination process above 400 °C affects the
crystallization of the matrix and the porous network loss [72]. Scaffolding procedures
allow a best synthesis control, but are time-consuming and usually the final materials
are not homogeneous [88, 92|, even though some interesting works, on mesoporous
nanoscaled zirconia with good surface area, are presented in literature [71, 93].

The first zirconia-based stable porous materials with good specific area, are ob-
tained as mixed oxides materials (silica-zirconia), overcoming the structural prob-
lems [84-86, 94-97]. Kaliszewski and Heuer proposed a zirconia powder system
washed with alcohol that inhibited the polycondensation between Zr—OH in order to
create Zr—-O-Zr bridges and limiting the agglomeration [98]. Successively, Mercera
et al. studied the zirconia reactivity with other solvents especially for the crystalliza-
tion step [17]. They evidenced that the polycondensation inhibition is caused by the
carbon byproducts derived from the superficial alkyl groups, which acted as mono-
clinic crystallization nuclei, preserving the porous network. Water washes, instead,
favored the tetragonal phase stabilization and, during the phase transformation,
the pores volume is reduced. Knowles and Hudson synthesized mesoporous zirco-
nia starting from inorganic precursor (zirconyl chloride ZrOCl,) in presence of ionic
surfactant (alkylmetil amine), overcoming the stabilization problem thanks to the

double action of the surfactant: it made a template function and reduced the water

"Compounds possessing both hydrophilic and lipophilic properties.
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1.3. Zirconia nanomaterials

surface tension during the calcination step [96]. Ciesla, Schacht, and Stucky prepared
mesoporous zirconia with ordered channel with high surface area (400 m?g™!) using
surfactant with different length of the alkyl tail [85]. While the thermal treatment
at 500 °C induced the loss of porous network, the phosphoric acid processing com-
pletes the free Zr—OH groups condensation. In this way, a porous, but irregular,
network is preserved. Ciesla et al. also observed how a template approach provided
an ordered networks while the scaffolding produced only irregular structures [72].
Another method to prepare more stable structure used the introduction of inorganic
anions (sulfate SO~ 5-8%wt, and phosphate PO}~ 10%wt) which coordinate the
surfactant molecules instead of water. Kim et al. used zwitterionic® surfactants able
to bind the cationic zirconia precursors around and to prepare micellar structure
[97]. Finally, Pacheco et al. reinforced the mesoporous structure using anionic sur-
factant (alkyl sulfate and phosphate), which are removed by mild thermal treatment
and a successive extraction with ethanol acid solution [86]. Yang et al. used block
co-polymers, such as polyethylene oxide (PEO), instead of amphiphilic molecules as
template and halide zirconia precursors [87].

In the last decade hard-template techniques have much more been developed.
The carbon structures are the most used as molds in these methods [88, 93|. Kang
et al. produced a carbon mold starting from SBA-15 silica impregnated with sucrose
and calcined in reduced atmosphere in order to promote the carbonization of the
sugar. Then, silica is removed by HF wash and the carbon mold has been impreg-
nated with the oxide precursor (ZrOCl,). At the end of the synthesis the template
is removed by calcination [88]. This replica mode is used also by Liu and Baker for
tetragonal zirconia NPs preparation. This system resulted stable until 30 nm, thanks
to the Si—-O-Zr bridges that stabilized the phase [89]. Also Smétt et al. used a nano-
casting method with mesoporous silica nanospheres impregnated with ZrOCl, [90].
After precursor-to-oxide thermal decomposition, silica is removed by NaOH or HF
washes and a not-well defined pore distribution is achieved. Liu et al. verified how
a strong base post-synthesis processing increased the structure stability with pores
of 3—4nm until 700 °C without phase transition [92]. Weak base, such as ammonia,
was less performant because it did not lead completeness condensation of the Zr—O
groups.

Recently, Che et al. developed a combined method, called Combination of Soft-
templating and Solid-Liquid method (CSSL), where soft-template technique is mixed
with solid-liquid method [71]. After a classic soft-template synthesis the materials
are mixed with a low melting salt, such as Mg(NO;), (mp=95°C), which penetrates
into the cavities. Calcination removed the organic template, but also induced the

MgO crystallization inside the pores. The successive acid etching with HCI generated

8 A globally neutral molecule that has a positive and a negative electric charge.
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1.3. Zirconia nanomaterials

a porous structure, with irregular porous with not specific shape.

Other interesting zirconia nanomaterials are processed in the last years. Wido-
niak, Eiden-Assmann, and Maret developed spherical NPs from 100 to 2000 nm in
diameter wia sol-gel method starting from zirconium alkoxide, water and alcohol
[99]. The introduction of alkali halides allowed the particles sizes control. Ballem,
Cordoba, and Odén, instead, prepared zirconia NPs using SBA-15 channel as mold
and removed it by sonication in basic solution (NaOH) [100].

Only few examples of nanoscopic mesoporous zirconia exists, Dong et al. de-
veloped a double casting process, using carbon hard-template, derived from silica
NPs [93]. The surface area of these NPs is around 100m?g™!. Caruso’s group pub-
lished another good and inspiring works in the last years [14, 101]. They obtained

titania-zirconia mixed mesoporous nanoparticles with very good results.

1.3.2 Problems to solve

The main problem of the non-silica porous materials is the limited thermal sta-
bility, which induces a collapse of the network after the template removal [72]. The
crystallization of the amorphous gel starts over 300-400 °C. The reorganization from
short-range to long-range ordered structure causes the shrinkage of the network with
loss of surface area. Usually, tetragonal zirconia can be obtained by crystallization
of amorphous zirconia above 300 °C. This transition, known as glow phenomenon,
is very exothermic [102-105]. The reason why tetragonal rather than the monoclinic
phase, the thermodynamic more stable phase, is formed is not completely known,
probably a topotactic transition® occurs. In this way, the manifold structure of
materials with the same nominal composition could be explain.

Another problem concerns the chemistry of the organic zirconia precursor. The
different chemical behavior and the different oxidation states of the metal cation
is other important factors which influence the synthesis. From this point of view,
zirconium has only the +4 oxidation state and a chemistry poly-oxide type in water
[85]. Zirconium, as other cation with valence IV, is soluble only in a narrow pH
range and forms complexes with general formula MOX(OH)y. So, zirconium does
not produce a hydroxide but an oxide. Instead, when the zirconium alkoxides are
dissolved in their corresponding parent alcohol, a stable coordination complex with
the solvent is achieved. The oxygen of the alcohol gives an electron pair to the cation
and a strong bond is formed. This is the case of the isopropanol (i-PrOH), which
forms with Zr(OPr), a stable complex. The ionic character of the metal-oxygen bond
depends on the size and on the electronegativity of the metal atom. Considering the

Pauling scale!?, the metal-oxygen bond is half covalent when the difference between

9Local and selective transition which interests any non-crystalline structure in one crystalline.
Dimensionless scale that quantify the electronegativity of the elements, i.e. the atom tendency
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their electronegativity is < 1.7. For this reason, silicon alkoxides, differently from
the metal salts in solutions, are sufficiently covalent to react. The solvents which
dissolve the alkoxides, accentuate this effect because are weaker ionizable than water.
For these alkoxide, water is considered as a reactant rather than a solvent, allowing
better control of the hydrolysis that in the case of metal salts, if added carefully
during the sol-gel process [106].

The sol-gel methods are well-studied and optimized for silica materials, but for
other metal-oxides the above-mentioned scheme is more complex [91]. The main
problem is the nature of the precursor itself. Generally, the alkoxides are more reac-
tive in presence of heat, moisture and light. In particular, the zirconium alkoxides are
more reactive than silanes, e.g. zirconium precursor reacts 10° times faster, causing
an unchecked oxide precipitation. The main reason is that the d-block metals have a
greater tendency to made complexes, unlike the p-block elements. This behavior is
well explained by the partial charge model [106]. Their high Lewis basicity favors the
ligands exchange, with a proton-assisted Sy 1 mechanism!!. It should be noted that
the reaction rate is controlled by the acidity of the hydrogenated reactant (HM),
while the nucleophilic properties of the entering M~ species have not any effect on
the ligand exchange process. During the hydrolysis step of the zirconium alkoxides,

the —OR groups are replaced with water and oxygen as in the reaction (R 1.4) [106]

Zr(OR),(OH), = Z:0,_, (OR), (OH) + (x-x)ROH (R1.4)

X—X0 y—X+X0

As explained by Mazdiyasni this mechanism can be divided in two steps [107].
First, a hydroxyl group replaces a —OR, and then there is an alcohol removal with
double bond Zr=0 formation. These steps happen twice and a unit ZrQO, is formed.
The first step is slower, but the reaction kinetic depends only by initial concentration
of the precursor. Since hydrolysis is faster than condensation, the final product is a
hydrated zirconia cluster (ZrO, -xH,0O) with somewhat variable structure. In order
to decrease the reaction rate apolar solvents, complexing agents or moisture control
could be used. The reaction could be slowed down by adding a sub-stoichiometric
water quantity. Again, the longer is the alkyl groups the harder is the O-R bonds,
furthermore beyond the first hydrolysis, a hydoxide group unlikely substitutes an
alkoxy ligand.

In the 70s substituting the alkoxides groups with organic chelates'? (3-diketones,
carboxylic acids, etc.) produced stable sols [91]. The proposed description was that

to attract electrons.
' A nucleophilic substitution that occurs with a unimolecular rate-determining step.
12Compounds with ligand (usually organic) bonded to a central metal atom at two or more
points.
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the presence of chelating ligands: a) not changed the charge distribution, b) blocked
the metal atoms coordination sites, and c¢) protected the metal atoms from con-
densation by non-hydrolysable and not removable ligands. In the view of the data
available by Kessler et al. on reaction mechanism, this explanation did not appear
reasonable. The authors demonstrated as the metal alkoxide precursors reactiv-
ity increased upon addition of modifying ligands, and caused the ligand exchange.
However, the whole sol formation is not directed by kinetics of hydrolysis and con-
densation, but by the self-assembly of ligands. The complex, therefore, favored an
alternative heterogenous reaction route. Liu et al. verified as the acetylacetone dur-
ing the synthesis could stabilized the Zr(OPr), hydrolysis but an excess could slowed
down the gelation time [92].

1.3.3 Solutions proposed

Soft-template approaches, with respect to hard-template syntheses, are greener, use
milder reaction conditions and are less time-consuming. Moreover, sol-gel method
allows to manage the material adjusting environmental and reaction parameters.
Since, for zirconium alkoxide, kinetic precursor reaction must be slowed down, a
thermal control during the reaction is fundamental. Temperature should be main-
tained around RT, since the zirconia precursors reacts 10° times faster than silica
ones.

In order to avoid NPs uncontrollable growth, the slowing down of the hydrolysis
kinetic is mandatory. One of the possibilities is to limit the amount of water, in
this way, a controlled growth could be reached. The presence of water is however
fundamental for the sol-gel processing. A well-known method to stabilize NPs shape
and size is the introduction of ionic compounds, usually alkali salts. Many examples
of ionic strength particles size-dependent effect are reported in literature for different
type of oxides [99, 108, 109]. Aqueous salt solution it is a good compromise to control
the kinetics and particles growth at the same time. Mixing the precursor with
compatible solvent, such as alcohol, is another way to reduce the kinetic reaction,
since, a sort of chelating reaction happens. However, the morphological properties
of the particles, however, are better controlled by hydrothermal processing, after
the gel production. This type of treatment is well-known and very used for the
production of porous materials [110].

In order to go beyond the porous network loss problem connected to template
removal, an alternative to calcination step has to be searched. Thermal degradation
of the organic scaffold structure starts over 300-400 °C, i.e. at the same temperature
of amorphous-to-crystal transition. Chemical washing could be taken, as alternative

to clean the pores from the organic but amorphous zirconia is sensitive to acid,
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1.3. Zirconia nanomaterials

which can erode the particles. Physical extraction, exploiting the status diagram
could be chosen as valid alternative, as proposed by Prado and Airoldi [111]. Using a
vacuum system along with thermostatic bath the correct condition for the surfactant

extraction could be reached without causing significant structure shrinking [112)].
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Chapter 2

Experimental Part

2.1 Zirconia powders and structural materials

2.1.1 Materials

The reagents used for the samples preparation, listed in Table 2.1, have been used

as received without further purification.

Table 2.1: Reagents’ specifications.

Reagents Abbreviation Purity PM Density Supplier
(uma) (gem™)

ethanol EtOH 99.8%  46.07 0.79 Aldrich

ammonium hydroxide NH,OH 28wt%  35.05 0.88 Fluka

zirconyl chloride octahydrate ZrOCl,-8H,0  98% 322.25 1.91 Aldrich

yttrium(III) chloride hexahydrate YCl,; -6H,0 99.9%  303.96 2.18  Aldrich
europium(III) chloride hexahydrate =~ EuCl, -6 H,O 99.9%  366.41 4.89  Aldrich
tantalum(V) chloride TaCly 99.8%  358.21 3.68 Aldrich

2.1.2 Materials processing
Synthesis of powder samples

All the zirconia powders (Y, Eu and/or Ta-doped) have been prepared wvia the
base-catalyzed co-precipitation method, already used for other similar works |[6].
Briefly, the precursor ethanol solutions (0.3 M ZrOCL, -8 H,O, 35mm YCl; - 6 H,O,
50 mM EuCly -6 H,O and/or 12.5mM TaCl;) have been mixed together in different
amounts and stirred at room temperature (RT). The corresponding hydroxides co-
precipitation has been achieved by dropwise addition of aqueous ammonia solution
(three-molar excess). After 20 min of stirring at RT, the hydroxides have been
centrifuged (9000 rpm for 30 min) and washed once with distilled water and three

times with EtOH to remove the ammonia excess and the unreacted precursors.
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2.1. Zirconia powders and structural materials

Then, the wet powders have been dried at 130°C for 12 hours. Finally, the as-
obtained powders have been calcined in air at 1000 °C for 6 hours to promote the
crystallization process.

The zirconia single-doped and co-doped samples series have been listed in Ta-
ble 2.2. The final number stays for the molar percentage of the dopant, for the
ZYET series the Y (3.5%) and Eu (0.5%) contents have been constant.

Table 2.2: Zirconia single-doped and co-doped powder samples series.

7Y series ZYET series 7T series

7ZY1 ZYET1 7ZT1
7ZY3 ZYET?2 7713
7ZY4 ZYET3 7T4
7ZY5 ZYET4 7ZT5
7ZY8 ZYET5 7718
7Y12 ZYET7 7ZT12
7Y 20 ZYETS 77120

ZYET9

ZYET10

For the luminescent study of the tetragonal zirconia phase degradation three
sample have been prepared, Zr osEu 4,0, o5 (ZE series), Zrj46Y 035500 00501 08
(ZYE series) and Zrj ggsE 00501 9975 (ZEM). The sample labels and their specifi-
cations have been reported in Table 2.3.

Table 2.3: Eu-doped and Eu,Y-doped zirconia series.

Processing ZE series ZYE series
As obtained ZEQ and ZEM ZYEO
After mild mortar ground ZE1 ZYE1
After 3 GPa applied compression 7ZE2 ZYE2
After 6 GPa applied compression ZE3 ZYE3
After 9 GPa applied compression ZE4 ZYE4
After ball milling ZE5 ZYE5

Powder consolidation process

The consolidation process of the zirconia Ta~-doped powders (ZT5, ZT8, ZT12) via
Spark Plasma Sintering (SPS) has been performed with two different experimental
conditions sets: a) T=1250°C, P=75 MPa, t=5min (SPS1250 series), b) T=1150°C,
P=100 MPa, t=5min (SPS1150 series). Lower sintering temperature needs higher

sintering pressure in order to reach a good final density of the specimen.
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2.1. Zirconia powders and structural materials

Spark Plasma Sintering technique

Spark Plasma Sintering (SPS) is a modern and very interesting sintering technique.
Even if the technology related to current assisted sintering processes started in the
late 30s of the XX century, a lack of application technology at that years limited its
applicability. The advent of the modern SPS technique must be moved to the 90s,
also known as the third generation SPS [113].

Upper punch
eIectrode"“"‘“«»\,\,,\h

Graphite
upper punch "

Graphite

SPS Sintering Press
Powder --.{
-Temperature control
-Positioning control

Vacuumand -Operating environment

cooling chamber

Graphite __...f=

lower punch

Lower punch _
electrode

Figure 2.1: Scheme of a SPS equipment.

The process, which works at low atmospheric pressure, uses uniaxial force and
a pulsed direct current (DC) to perform high-speed powder consolidation. A di-
rect way of heating allows the application of very high heating and cooling rates,
enhancing densification and maintaining the nanopowders properties into the full-
dense materials. The sintering process is very rapid in order to avoid too much
growth of the grain size. SPS system offers some advantages over conventional sys-
tems, such as hot press (HP) sintering, hot isostatic pressing (HIP) or atmospheric
furnaces. An accurate control of the sintering energy, high sintering speed, high re-
producibility, safety and reliability are the main characteristics of this process. The
application of the electric current allows reaching a very rapid and efficient heat-
ing, with a rate as high as 1000 °C/ min. So the total processing time usually takes
some minutes depending on the material and its dimension. Finally, the sintering
temperatures range is almost 500 °C lower than the conventional ones.

SPS equipment, schematically proposed in Figure 2.1, comprises a hydraulic
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2.1. Zirconia powders and structural materials

press inside a heating chamber, moreover the press punches act also as electrode in
order to allow the current passage. The sample holder is formed by a graphite die,
which contains the powder, and it is closed by two graphite punches. This sandwich
is put inside the heating press.

In origin it was claimed that the release of electric energy wvia arcing at the
empties between powders could create local plasma enhancing the mass transport
at the neck regions achieving a better densification. The electrical spark discharge
phenomenon is the basis of the SPS process. A high energy low voltage spark pulse
current produces a momentary spark plasma at the high localized temperatures be-
tween the particles in order to achieve a good thermal and electrolytic diffusion.
The particles contact ionization, caused by spark discharges, develops impulsive
pressures that promote high-speed diffusion and migration of the atoms at the con-
tact zones. This is reason of the process name, even if, no plasma generation it has
been confirmed directly by experiments yet. The existence of plasma is still dis-
cussed, but it is broadly accepted that sporadic electric discharges could take place

on a microscopic level.
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Figure 2.2: Pulsed current flow through the powder particles during the SPS
sintering.
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Under mechanical pressure, the electric current passage through the particles is
supported by Joule heating! during the welding of the particles. This intense heating
effect on the particle conducting surface, can reached the boiling point leading a
localized vaporization, or cleaning of the powders surfaces, that ensures a good path
for the current flow. So, the DC pulse energizing method generates four phenomena:
spark plasma, spark impact pressure, Joule heating and an electrical field diffusion
effect. In the SPS process, the powder particle surfaces are purified and activated,
so a high-quality sintered compact is achieved at lower temperature and faster. The
first two already mentioned phenomena (spark plasma and spark impact pressure)
eliminate the adsorptive gas and the impurities on the particles surface thanks to
the high temperature generated. When a spark discharge appears in a gap or at the
contact point between the particles, evaporation and melting on the surface occurs
and necks are formed. The heat moved from the center of the discharge column to
the surface then the intergranular bonding is rapidly cooled. In Figure 2.2 a scheme

of the pulsed current flow through the powder particles is reported.

2.1.3 Characterization

The microstructure of the powders has been studied by means of X-ray Powders
Diffractometry (XRPD). A Philips X'Pert vertical goniometer with Bragg-Brentano
geometry, has been used for all the XRPD measurements; a focusing graphite
monochromator and a proportional counter with a pulse-height discriminator have
been used, Nickel-filtered CuK « radiation and a step-by-step technique have been
employed (steps of 0.05° 2 h), with collection times of 10 s/step. These measure-
ments have been performed c/o the Scientific Campus (ETA building) of the Uni-
versitd Ca’ Foscari in Venezia-Mestre (VE, Italy). The in situ temperature XRPD
measurements have been collected at the ELETTRA Laboratories of Sincrotrone
Trieste S.C.p.A. (Line MCX) in Basovizza (TS, Italy) using a quartz glass capillary
as sample holder [114]. The synchrotron light power has been 15keV (X =0.82458 A).

Raman spectra have been acquired with using a confocal (optical) microprobe
from different areas of the samples at RT using a single monochromator (T-64000,
Jobin-Ivon /Horiba Group, Kyoto, Japan) equipped with a nitrogen-cooled 1024 x256
pixels CCD camera (CCD-3500V, Horiba Ltd., Kyoto, Japan), and analyzed by us-
ing commercially available software (Labspec, Horiba/Jobin-Yvon, Kyoto, Japan).
The excitation frequency used has been the 532 nm green line of an Nd:YAG diode
laser operating with a power of 12mW. The spectrum integration time has been
typically 30s, the final spectrum as average of three measurements has been ob-

tained. A confocal configuration of the Raman probe has been performed using a

LAlso known as ohmic or resistive heating, is the heating process produced by the electric
current passage through a conductor.
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100x objective lens in order to exclude the out-of-regions scattered photons. Width
and spectral positions of the selected Raman bands have been obtained upon fit-
ting the collected spectra with Lorentzian curves. The Cathodoluminescence (CL)
spectroscopy has been performed inside the chamber of a Field-Emission gun Scan-
ning Electron Microscope (FE-SEM), equipped with an Schottky-emission type gun
(S-4300SE, Hitachi, Tokyo, Japan) as the excitation source, with an acceleration
voltage at 5kV, and the probe current has been fixed at 180 pA. A high-sensitivity
CL detector unit (MP-32FE, Horiba Ltd., Kyoto, Japan) has been employed for the
collection of CL emission upon reflection into an ellipsoidal mirror and transmission
through a bundle of optical fibers, using a high-resolution monochromator (TRIAX
320, Jobin-Ivon-Spex, Kyoto, Japan) equipped with a nitrogen-cooled 1024 x 256
pixel CCD camera (CCD-3500 V, Horiba Ltd., Kyoto, Japan). All experiments
have been performed using a grating of 150 grooves mm™', 10s of integration time
and 500 nm of electron beam spot size. The average spectra have been computed
from 20 randomly collected spectra for each sample. The ZY series samples have
been coated with 10nm of platinum by sputtering method and fixed with carbon
tape to an aluminum sample holder. The Kyoto Institute of Technology (KIT) in
Kyoto (Japan) has been made all these instruments available.

The SPS consolidation processing with a Dr. Sinter Lab SPS 515S equipment has
been performed. Compression stress-strain tests with a Zwick /Roell ZMart.Pro 1185
equipment has been made. The creep tests have been performed with a home-
made machine. A Bruker D8I-90 with Bragg-Brentano geometry, connected to a
highly stabilized generator (40kV), has been used for the Wide Angle X-ray Scat-
tering (WAXS) measurements on the sintered specimens and for the XRPD mea-
surements for the direct analysis of the pattern to solve the powder structure of ZT'12
sample. The Universidad de Sevilla laboratories ¢/o the Departmento de Fisica de
la Materia Condensada (Apartado 1065-41080, Sevilla, Spain) has been made all
these instruments available.

Grain size distribution, compositional Energy Dispersive X-ray Spectrometry
(EDS) analyses, Backscattered Electrons (BSE) and Secondary Electrons (SE) im-
ages have been preformed with a Zeiss Sigma VP FE-SEM c¢/o the Centro di Mi-
croscopia "Giovanni Stevanato" in Venezia-Mestre (VE, Italy). In order to evidence
the grain boundaries on the SPS specimens, the surface have been polished (lapping
with diamond paste until 1 pm) and then have been annealed at one hundred degree

lower respect to the SPS temperature.

24



2.2. Mesoporous Zirconia Nanoparticles

2.2 Mesoporous Zirconia Nanoparticles

2.2.1 Materials

The reagents used for the samples preparation, listed in Table 2.4, have been used

as received without further purification.

Table 2.4: Reagents’ specifications.

Reagents Abbreviation Purity PM Density  Supplier
(uma)  (gem™)

ethanol EtOH 99.8% 46.07 0.79 Aldrich
hexadecylamine HDA 90% 241.46 0.81 Alfa Aesar
octadecylamine ODA 90% 269.51 0.86 Aldrich
zirconium propoxide 7P 70% in PrOH 327.58 1.04 Fluka
sodium chloride NaCl 99.5% 58.44 2.16 Fluka
lithium chloride LiCl 99% 42.36 2.07 Eurobio
potassium chloride KCl1 99.5% 74.56 1.98 Aldrich
rubidium chloride RbCl 99% 120.92 2.80 Aldrich
cesium chloride CsCl 99.9% 168.36 3.99 Aldrich
sodium fluoride NaF 99% 41.99 2.56 Fluka
sodium bromide NaBr 99% 102.90 3.21 Carlo Erba
sodium iodide Nal 99% 149.89 3.67 Aldrich

2.2.2 Experimental procedures
Synthesis of MZNs

The MZNs synthesis has been refined from the method proposed by Chen et al.
starting from the zirconium propoxide (ZP) precursor and working at RT [101]. An
ethanol solution of the surfactant amine, hexadecylamine (HDA) has been prepared,
then the alkali halides (MX) aqueous solution has been added in a correct quantity.
An ethanol zirconia precursor solution has been prepared and then it has been added
dropwise into the primary solution under vigorous stirring. The preferred molar
ratio ZP: EtOH: H,O: MX: HDA has been 1: 750: 20: 0.02: 2. After synthesis,
an ethanol washing has been performed three times. A hydrothermal processing at
170°C for 20h of the dried powder in 6.25 ml of water and 12.5ml of EtOH per
gram of powder, into a Teflon bomb has been performed. A heat vacuum extraction
process at 120 °C, in order to remove the surfactant without structural undesirable
alterations has finally been performed on the dried powders [111]. In order to explore
the synthesis dynamics, different alkali halides (MX, where M:Li, Na, K, Rb and
Cs; and X:F, Cl, Br and I) as shape and growth controller agents have been tested;

different volume of water, salts solution and surfactant have also been tested.
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Cytotoxicity assay

Two cell lines (HeLa and MDA-MB-231) have been used to test in vitro cytotoxicity
of MZNs. Briefly, 96 well plates with 3000 cells/well have been prepared using a
Dulbecco’s Modified Eagle’s Medium (DMEM). The MZNs have been added at the
medium, after an overnight incubation time, starting from 4 mgml™ concentration
and doing nine 1:2 serial dilutions. These tests have been replicated three times. The
cell viability has been estimated, after 96 hours of incubation time, by reading the
luminescence (Cell Titer) compared to untreated wells with a Tecan F200 instrument

(Tecan, Maennedorf, Switzerland).

In vivo biodistribution

Nude mice have been procured from Harlan Laboratories and the procedures have
been approved by the Institutional Ethical Committee for Animal Experimentation
(CESA) and performed in accordance with the institutional guidelines. MZNs (1 mg)
with lipophilic tracer DiR (Invitrogen, Carlsbad, CA, USA) and injected intravenous
has been probed. After one hour, the mice have been imaged with an In Vivo
Imaging System (IVIS) instrument (PerkinElmer, Waltham, MA, USA).

Biodegradation

Several aliquots of MZNs in human plasma with 2mgml™' final concentration have
been suspended and incubated with agitation at 37°C. Single aliquots at 10* g for
5 min have been centrifuged and observed at different incubation times (0, 5, 10, 15,
30 and 60 days). Pellets containing MZNs have been collected, washed and dried out.
For every time point, FE-SEM images have been taken and the average diameters
have been measured using the ImageJ software. At least 50 NPs for each sample
have been used for the mean diameters and the standard deviation determination.
A Student’s t-test for the statistical analysis has been performed and for p < 0.01
the differences have been considered significant, using the 0 day sample value as

reference.

Drug loading and release

A simple wet impregnation method has been used as protocol for the anti-tumor
molecules loading into the MZNs. A precise amount of MZNs in 1.0ml of buffer
solution containing doxorubicin (DOX) has been dispersed. The NPs working con-
centration has been 5mgml~' and drug has been used at 1.0mgml™! final concen-
tration. The solution, protected by the light and at RT, has been stirred overnight.
Impregnated MZNs by centrifugation (10 min at 10* rpm) have been recollected and
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the free drug concentration into the supernatant, by ultraviolet-visible (UV-Vis) ab-
sorption at a wavelength of 480 nm has been determined. The drug loading amount

has been calculated as follow

. Initial amount of DOX — Residual DOX content
Loading (%) = NPs amount 100 (2.1)

The MZNs DOX-loaded have been resuspended (1.0mgml™) in different phos-
phate buffers (pH 4.0, 5.5, 7.0 and 8.5) and left under agitation for 24 h protected
from light. Released supernatant DOX concentration by UV-Vis absorption has
been determined, after MZNs removal by centrifugation. Release percentage has

been calculated respect to the starting DOX content

Supernatant free DOX
Starting encapsulated DOX

Release (%) = 100 (2.2)

The experience has been repeated three times and the average value with the

standard deviation has been reported.

2.2.3 Characterization

The nitrogen physisorption measurements have been collected at liquid nitrogen
temperature (—196 °C) using a Micromeritics ASAP 2010 volumetric adsorption an-
alyzer. The Brunauer Emmett Teller (BET) equation has been used to calculate the
specific surface area from the adsorption branches data, the pore size distributions
have been calculated from the desorption branches of the isotherms based on the
Barrett Joyner Halenda (BJH) model. The Diffuse Reflectance Fourier Transform
Infrared Spectroscopy (DRIFT-IR) spectra with a NEXUS-FT-IR instrument im-
plementing a Nicolet AVATAR Diffuse Reflectance accessory have been recorded.
The Thermogravimetric Analysis (TGA) and the Differential Scanning Calorime-
try (DSC) with a Netzsch STA 409C have been performed in air from 30°C to
900 °C with a heating rate of 10°C/min. A Philips X'Pert vertical goniometer with
Bragg-Brentano geometry has been used for the XRPD measurements; a focusing
graphite monochromator and a proportional counter with a pulse-height discrimi-
nator have been used, Nickel-filtered CuK « radiation and a step-by-step technique
have been employed (steps of 0.05° 2 h), with collection times of 10 s/step. All these
measurements have been performed c/o the Scientific Campus (ETA building) of
the Universita Ca’ Foscari in Venezia-Mestre (VE, Italy). The dimensions and the
morphologies of the nanoparticles have been studied by electron microscopy using
a Zeiss Sigma VP FE-SEM c¢/o the Centro di Microscopia "Giovanni Stevanato" in
Venezia-Mestre (VE, Italy).
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1 x 10° MDA-MB-231 cells have been plated on poly-D-Lysine treated slides
and marked with Histone Marker GFP (CellLight@® Reagents BacMam 2.0)(Life
technology, Carlsbad, CA, USA) one day after. MZNs with Vybrant@®) Dil lipophilic
labeling solution (Life Technology, Carlsbad, CA, USA) have been labeled, then
washed in Phosphate Buffered Saline (PBS) and incubated with the cells for 2 hours.
Cells with 4% para-formaldehyde for 10 minutes have been fixed, washed twice with
PBS and mounted with anti-fade mountain solution (CALIBIOCHEM FluorSave
Reagent). Images with an inverted fluorescence microscope (Nikon TE300) equipped
with a confocal module (UltraVIEW, Perkin Elmer) and analyzed with the Andor
Technology™iQ Classic software package have been collected. All the images have
been acquired with a 100x objective. The biological characterization have been
performed c/o the Centro di Riferimento Oncologico (CRO) laboratories in Aviano
(PN, Italy).

28



Chapter 3

Results and Discussions

3.1 Zirconia Yttrium-doped powders

X-ray Powders Diffractometry (XRPD)

The better-known system, yttrium-doped series (ZY), has been first investigated.
Seven samples with different Y3* amount, between 1-20 mol%, have been prepared.
The diffraction patterns of all the samples have been proposed in Figure 3.1, while

the quantitative data derived from the Rietveld refinements have been shown in

Table 3.1.
“ A A ZY20
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Figure 3.1: XRPD patterns of ZY series.

The XRPD data evidence the tetragonal phase growth together with the dopant
percentage, until 12 mol%. The last sample (ZY20) is characterized by a more sym-
metric symmetry, the cubic one. The major difference between cubic and tetragonal

patterns is represented by the disappearance of the peak at 20 = 43° in the former,
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3.1. Zirconia Yttrium-doped powders

Table 3.1: Volume fractions of tetragonal phases for the ZY series, as obtained by
the Rietveld refinements.

Sample t-ZrO, (%)
7ZY1 4.9
7Y3 18.4
7Y 4 74.9
Y5 96.6
7Y8 100

7Y12 100

as visible in Figure 3.2 (the peak marked with a star *). As well-known, a content
of yttria (Y,0O;) higher than 4 mol% stabilizes the tetragonal phase at RT, while

the cubic phase of zirconia is stabilized over the 10 mol% of yttria [1].

W, ZY20

» * ZY12

* ZY8

\ox ZY5

* ZY4

ZY3

. ' . ' SRR WG N A%
25 30 35 40 44 48

20(°) 26(°)

Figure 3.2: Particulars of the XRPD patterns of ZY series.

Raman Spectroscopy

The Raman spectra of the samples are in perfect agreement with the already reported
XRPD data. All spectra have been presented in Figure 3.3 .

As clearly shown in the same figure, the spectra change from ZY1 to ZY20
sample. As predicted from theory, the monoclinic and the tetragonal symmetry

have 18 and 6 Raman-active modes® respectively [115, 116]. As reported in the

LA vibrational mode is Raman-active when the molecular electric dipole-electric polarizability
changes with respect to the vibrational coordinate corresponding to the rotational and vibrational
state.

30



3.1. Zirconia Yttrium-doped powders

previous paragraph, the first two samples (ZY1 and ZY3) show the presence of
a little amount of tetragonal polymorph. Over the 4 mol% of doping cation the
tetragonal characteristic peaks increase together with the relative phase content. In
parallel, the more intense peaks of monoclinic phase decrease until disappear in the
last three samples (ZY8, ZY12 and ZY20). The ZY20 spectrum presents only the

cubic phase.

ZY5

ZY4

Normalized Intensity (a.u.)

ZY3

ZY1

T T T T T T T T T T T T T T T T T T T T T T
200 300 400 500 600 700
Raman Shift (cm™)

Figure 3.3: Raman spectra of ZY series.

Cathodoluminescence (CL)

As reported above in Subsection 1.2.2 on page 7, zirconia engineering properties
are correlated to the oxygen vacancies, which is also the main cause of ceramic
failure. The comprehension of the oxygen sublattice structure has a central key
to solve this technological problems. In this case, strong influence on the physical
properties seems to be given by the anion order, particularly when they are sensitive
to distortions and the local disorder. Cathodoluminescence (CL) spectroscopy could
be a potential technique to explain many issues [117, 118].

The zirconia CL spectra are very complicate, also for their interpretation. The

CL emission from the Yttria Stabilized Zirconia (YSZ) lattice is composed of a main
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3.1. Zirconia Yttrium-doped powders

broad band, which is the sum of several emissions from oxygen-related defects with
different sublattice. The global band, peaked around 500nm, could be explain as
the sum of three partially overlapped bands centered at 460 nm (2.69¢eV), 550 nm
(2.25eV) and 600nm (2.07eV). The first, known also as F'* center, is correlated
to a singly occupied vacancy and involving an intrinsic defect site, in which Zr**
cations are nearest neighbors to the vacancy. The other two are usually referred
to F'} and F}, centers, depending if one or two Y3* cations are nearest neighbors
to the vacancy, respectively [33, 119-122]. These are extrinsic centers, because are
correlated to the presence of the doping cation. Schematic representations of the

oxygen vacancy sites have been proposed in Figure 3.4 [123].

Zrv -Zr YV -Zr YV -y
I Oxygen Vacancy V| " @Y™
Conduction Band
F F* F o
[2.25ev 12,078

— Valence Band
2.69eV

Figure 3.4: Schemes of the different vacancy sites in Y-doped zirconia and relative
energies.

In order to study the global signal, knowledge of CL behavior for the single
phases is necessary. Thanks to the already reported XRPD and Raman analyses, a
correct evaluation about the CL bands could be done. In Figure 3.5 the CL spectra
used as references for the signal analyses have been reported.

The overall CL bands with a deconvolution method have been studied, accord-

ing to the previous literature [124-126]. A set of six Gaussian functions with fixed
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Figure 3.5: CL spectra of undoped zirconia, monoclinic, tetragonal and cubic
samples and their relative fitting sub-bands.

positions and Full Width Half Maximum (FWHM) has been considered. This pro-
cedure has been performed only for the Y-doped samples, in order to give a rational
description of the spectra morphology variation. In Figure 3.5a the CL signal of
undoped zirconia sample has been reported. Although all the recorded spectra look
similar, thanks to the fitting procedure some fundamental differences in their mor-
phology could be recognize. The undoped sample has a quite strong emission, which
is generated from metastable energy levels, related to the different type of intrinsic
oxygen vacancies, present within the zirconia band gap [127]. Another important
consideration could be done about the hafnia (HfO,) impurities naturally present in
the zirconia precursor. The presence of Hf**, which is quite common also in highly
pure undoped zirconia, generates a luminescence emission around 1.7eV [128, 129].
So, the weaker band (A6 and Z6) around 700 nm has been correlated to the oxygen
vacancy emission in hafnia. Similarly, the reported band around 400 nm (Z2 and
A2) could be arise from another impurity atoms, as carbon contamination present

in the SEM chamber or due to synthesis byproducts.
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3.1. Zirconia Yttrium-doped powders

Taking in account that the irradiation energy of the beam (5kV) overcomes the
zirconia band-gap, an excitation from the valence band to the conduction band has
been achieved, and the electron-hole recombination process, which involves one or
two electrons, could be possible. These infra band states, from 1.7 to 3eV, cause
the luminescence emissions. Commonly two electrons occupy the same trap, but
even if one electron is removed, the other could remain strongly localized. The
positive-charged defect traps one electron, forming a F° center, which has an emis-
sion between 430 and 460 nm [130, 131]|. The main contribute in the undoped sample,
according to fitting method, has been at 485 nm, that has been ascribed to the intra-
defect transition F'* center. The peak shift respect to literature could be related to
a size-related effect [132]. The two main bands (Z4 and Z5) have been attributed
to I’ centers in a different site, caused by a lattice distortions introduced by the
vacancy, as suggest by Smits et al. [133].

Considering that the spectra intensity should be directly correlated to the va-
cancies sites, an increment of intensity should be expected together with the yt-
trium content. As reported in Figure 3.6, the intensity of the CL spectra decreases
progressively increasing the doping percentage, underlining a sort of concentration

quenching effect of the Y3*.

Table 3.2: Gaussian sub-bands data set for principal ZY samples and undoped
zirconia. In brackets the undoped zirconia data are reported.

Sub-band  Position (nm) FWHM (nm) Relative area weight (%)

ZrO, 7ZY1 7ZY5 7Y8 7ZY12
(Z1) A1 (305) 334 (47) 61 (0.4) 2.5 3.4 0.4 0.5
(Z2) A2 (410) 402 (61) 70 (0.4) 3.3 7.5 7.7 8.8
(Z3) A3 (485) 469 (78) 79 (18.2)  17.2 18.4 25 27
(Z4) A4 (538) 520 (103) 90 (41.3) 343 28.6 28.9 29
(Z5) A5 (619) 601 (116) 120 (32.7) 366 34 30.7 28.6
(Z6) A6 (703) 703 (124) 107 (7) 5.8 7.8 i 5.8

After these considerations, the CL emission intensity should be correlated to the
oxygen vacancies, supposing that it is the result of an oxygen-deficient sublattice
intra-band-gap activity. Regarding the data reported in Table 3.2 it is worth noting
that the radiative centers of the undoped and the ZY series seem to be the same.
For the doped zirconia samples the relevant sub-bands (A4 and A5) are related to
the different color centers, while the new F' center substitutes the intrinsic center of
the undoped case, with also a different energy. The new energy is generally due to
the increased mobility of the double ionized oxygen vacancy (with a formal charge
+2). The migration towards the 3-fold coordinated yttrium site is allowed, thanks
to its virtual negative charge compared to the 4-fold coordinated zirconium site.

When the Y3+—VO is formed, in order to conserve the electrical neutrality, only
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Figure 3.6: CL spectra and their relative fitting collected for the ZY series samples.

one electron could be trapped into the vacancy instead of two, as in the undoped

zirconia. A two-step recombination is necessary, which is also less efficient and causes

the intensity reduction together with the Y3* concentration increment. Finally, the

A1 sub-band seems to be relevant only in the doped sample with monoclinic phase.

In the undoped and the poor-monoclinic samples, this band is weaker than in the

other samples. Probably, it could be raised from a vacancy, which involves the Y3*

and when the band gap of the monoclinic, lower than the tetragonal one, allows it
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[134, 135].

A quantitative analysis of the zirconia phase has finally been made thanks to the
CL spectrum intensity. As already mentioned, higher is the dopant content lower is
the spectrum intensity. In this type of analysis the area ratio of the main sub-bands
A4 and A3 (R =A4/A3) has been taken into account. In Figure 3.7, the R ratio

plots against the Y3* content and the monoclinic fraction have been reported.
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Figure 3.7: Dependence of CL sub-bands A4/A3 ratio with the monoclinic volume
fraction.

Regarding the Figure 3.7a, a good agreement between the monoclinic volume
fraction (V;;,) and the ratio R path is visible. A linear relation has been presented
between the experimental data, which has been reported in Figure 3.7b. The mean
value of the ratio R as average of 20 spectra has been considered. The linear equation
has been reported in the plot.

A strong dependence of the vacancies from the zirconia phase have been evi-
denced, even if the CL differences among the tetragonal samples it is not suddenly
explainable. About this, the ratio R follows very well the phase content into the
7Y samples. This could be explained considering the luminescence quenching effect
as consequence of a non-radiative and competitive recombination mechanism. As
suggest elsewhere, the oxygen vacancy coordinated with a Y3* could be a hole trap
[136, 137]. However, this cannot explain neither the intensity reduction nor the Fa4
centers increment. It seems reasonable that the presence of Y3* itself caused the
failing of the CL intensity. Since the intrinsic vacancies are the most efficient (un-
doped zirconia), in the doped samples they move to less efficient site (delocalization
effect). In this way, the new vacancy population correlated to the Y3* content failed
the compensation for the loss of CL emission due to the intrinsic vacancies annihi-
lation. The overall intensity is dominated by this annihilation rather than by the

formation of the vacancy sites related to Y3*.
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3.2. Zirconia Europium-doped and co-doped powders

3.2 Zirconia Europium-doped and co-doped powders

3.2.1 Trivalent cations doped systems

An appealing property of the lanthanide cations is the marked dependence of their
luminescence by the occupied crystal site. More symmetrical is the site and less
allowed are their characteristic f-f transitions. As already mentioned (see Subsec-
tion 1.2.1 on page 4), in the monoclinic phase, there is a sevenfold coordinated cation
site, whereas in the tetragonal phase has a cubic coordination (coordination number
8). Considering europium as substitutional impurity, it occupies a symmetrically
different environment into the two phases. Furthermore, the different crystal field
causes a shift of the hypersensitive 5Dy —"Fy transition, as reported below [138].
The purpose of the powders samples prepared (ZE and ZYE series), has been the
exploitation of this particular behavior in order to monitor the degradation degree
of the stabilized zirconia material, starting from some previous observations |3, 4].
The stabilization of the tetragonal phase by adding europium, or both europium and
yttrium, has been obtained. Then the ¢ - m transformation by mechanical pressure
has been induced progressively. The nominal content of trivalent doping cations in
both cases is 4 mol% with respect to zirconium (see Subsection 2.1.2 on page 19).
The phases relative content with XRPD and Photoluminescence (PL) analyses has

been monitored parallel.

X-ray Powders Diffractometry (XRPD)

Observing the single-phase patterns proposed in Figure 3.8, it is evident as the 111
(at 28°) and 111 (at 31°) peaks of the monoclinic and the 111 (at 30°) peak of the
tetragonal are the more intense and characteristics in order to compare the phase
content. From Figure 3.9, it is noticeable how the ¢ — m transition is easily induced
by applying quite weak pressure. Really, the ZYE samples shown better stability
than the corresponding ZE sample. Actually, yttrium is more suitable, and cheaper,
than europium to achieve tetragonal stabilization. In Table 3.3, the percentage
of tetragonal phase quantified from the Rietveld refinements have been reported
(error estimation is around 2%). Some reflections arising from the monoclinic phase
around 31.5°, 35°, and 50° are unusually intense, because of the positions of the
oxygen atoms. These are displaced along the b and ¢ axes and the March-Dollase
preferential orientation parameter for the [111]| direction have been refined [139).
This allowed reducing the mismatch between the observed and calculated diffraction
patterns. The preferred orientation is caused by the application of a highly oriented
pressure, especially for samples ZE2, ZE3, ZE4 and ZYE2, ZYE3, ZYE4. In the
ball-milled samples the patterns resumed their usual profile (ZE5 and ZYES).
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Figure 3.8: XRPD patterns of the pure monoclinic and tetragonal phase of zirconia.
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Figure 3.9: XRPD patterns of the ZE and ZYE series. The *-marked peaks are
related to silica impurities from the ball milling jar.

The t — m transformation takes place first in those grains where the dopant con-
tent is lower. This has been underlined by the refinement of the lattice parameters.

The europium quantity in tetragonal phase, could be determined by the formula

2Veenn — 133.85
0.223

where 133.85 is the undoped tetragonal zirconia cell volume and 0.223 is a slope of

Eu(%) = (3.1)

the linear fitting for the cell volume versus europium content plot [5]. In Table 3.4,
the content of europium in the tetragonal phase for the ZE series increases with
the content of the monoclinic phase, as also visible in Figure 3.10 for the Rietveld
refinements data. This is a signal that the tetragonal fraction poorer in europium

undergoes the transformation first.
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Table 3.3: Volume fractions of tetragonal phases for the ZE and ZYE series, as

obtained by the Rietveld refinements.

Processing Sample t-ZrO, (%) Sample t-ZrO, (%)
As obtained ZE0 100 ZYEO 95.5
After mild mortar ground ZE1 68.7 ZYE1 77.5
After 3 GPa applied compression ZE2 59.1 ZYE2 66.6
After 6 GPa applied compression ZE3 43.3 ZYE3 54.6
After 9 GPa applied compression ZE4 35.8 ZYE4 47.3
After ball milling 7E5 22.8 ZYE5 36.1

Table 3.4: Cell volume variation for tetragonal phase, and the resulting Fu content

for the ZE series.

Sample Veetr (%) Eu (%)
ZEO 67.353 3.84
ZE1 67.376 4.05
7ZE2 67.381 4.09
7ZE3 67.396 4.22
7ZE4 67.404 4.30
ZE5 67.450 4.71
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Figure 3.10: Europium content in tetragonal phase as calculated from the Rietveld
refinements versus monoclinic content in the ZE series.

Photoluminescence (PL)

In order to investigate the luminescent behavior of the Eu-doped tetragonal stabi-
lized zirconia, Photoluminescence (PL) and Photoluminescence Excitation (PLE)
spectra have been recorded. In Figure 3.11 the ZE2 PL and PLE spectra have been
reported as example of the typical luminescent properties of the Eu®* into zirconia.
The transition >Dy -7 F5 is the most interesting for the above-mentioned purpose.
Actually, its main component is centered at 606 nm or 613 nm depending on the

Eu?* cation is into the tetragonal or monoclinic zirconia, respectively. It is worth
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noting that in the PLE spectra no shape difference has been noticed, so only one
of them is reported, as example. The PL spectrum has been recorded exciting at
393 nm, which is the most efficient excitation wavelength for the ®Dy level indirect
population. From this level all the transition to the lower lying multiplet "F; are

present and distinguishable.
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Figure 3.11: Typical PLE (A¢p, =606 nm, red spectrum) and PL (A¢; =393 nm, blue
spectrum) spectra of Eu®* in mixed tetragonal and monoclinic phase zirconia. The
two peaks at 606 nm (tetragonal) and 613nm (monoclinic) arise from the Electric
Dipole transition of Eu®" in zirconia.

All the PL spectra of the two series have been shown in Figure 3.12. Thanks
to the normalization to the intensity at 606 nm, the increment of the emission at
613 nm, due to the Eu®* in monoclinic phase, is evident. Supposing the europium as
a substitutional impurity with respect to Zr, a coordination site changing happens
from eightfold coordination in tetragonal to less ordered sevenfold in monoclinic
[140-142].

It is known that Eu®" has two principal transitions, the Magnetic Dipole (MD)
transition (°Dy —"F}) which is environment insensitive, and the Electric Dipole
(ED) transition (°Dy —7F,) which is hypersensitive to the chemical surroundings.
The latter is more allowed, ¢.e. more intense, when the coordination polyhedron is
less symmetrical. Qualitative information about the monoclinic phase has been pos-
sible just making the ratio between the integrated intensities of these two transitions.
In Figure 3.13, the PL spectra of pure monoclinic and pure tetragonal Eu-doped zir-
conia have been reported in order to have the two separated references spectra. A
pure monoclinic Eu-doped zirconia (ZEM) with very low content of dopant (0.05%)

has been produced for this aim. Even if there is a small overlapping between them,
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Figure 3.12: Comparison of the PL spectra of the samples of the series ZE and
ZYE, excited at 393 nm.
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Figure 3.13: Comparison between the PL spectra of Eu* (A, =393nm) in pure
tetragonal (ZEO, 4mol% Eu) and in pure monoclinic (ZEM, 0.05mol% Eu) zirconia.
The spectra have been normalized for a better comparison.

the ranges 570-600 nm and 600-640nm for the MD and ED transitions have been
considered, respectively. The ratio I00-640/I570-600 is usually referred as R-value.

The calculated values of R, listed in Table 3.5, has a trend in accordance with
the expected values, except for the sample ZYE5. This unexpected result can be
interpreted by looking at the PL spectra in Figure 3.14, where a broad emission
centered around 480 nm influenced the Eu?* emission. In literature, this emission is
correlated to the monoclinic phase, where the oxygen vacancies are less [143|. This
background determines an increase of the integrated emission intensity, in partic-
ular the overlap is prominent in the monoclinic range (570-600nm), leading to an
underestimation of R.

A quantitative analysis has been performed, taking advantage of the pure Eu-

doped phases spectra reported in Figure 3.13. Thanks to a linear combination of
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Table 3.5: R values for ZE and ZYE series.

Sample R Sample R
ZE0 1.78 ZYEO 1.96
ZE1 1.89 ZYE1 2.17
ZE2 2.41 ZYE2 2.23
ZE3 2.65 ZYE3 2.32
7ZE4 3.17 ZYEA4 2.53
ZE5 3.90 ZYE5 1.44
ZEM 4.30 - -

— ZYEO

—— ZYE1

ZYE2

ZYE3

7 ——ZYE4
—— ZYE5*0.3

WW

T T T T T T T T T T T T T T T T T T T 1
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PL Normalized Intensity (a.u.)

Figure 3.14: Increasing intrinsic luminescence of the zirconia matrix. The PL
spectra (Aez =393 nm) have been normalized to the 590 nm intensity. The ZYES5
spectrum has been reduced by a factor of 3.

the reference spectra, the experimental data of the mixed phases samples have been

fitted, considering a least-square procedure starting from the assumption

Z(yi,obs - yi)2 = Z[yi,obs - (aMz + bﬂ)]z =95 (32)
% %
where yobs, M, and T are the observed intensities of the sample with mixed
phases, pure monoclinic (ZEM) and pure tetragonal (ZEO) phases, respectively for
the i-th wavelength; whereas a and b are the coefficient of the linear combination.
By imposing
oS oS

%:O and %—0 (3.3)
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a homogeneous system has been achieved which could be arranged to obtain

ZiTiQ YiMT;\ [a _ ZiTiyz',obs (34)
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Figure 3.15: Fit of the ZE1 spectrum obtained using the experimental spectra of
the pure monoclinic and tetragonal phases.
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Figure 3.16: Fit of the ZYE5 spectrum obtained using only the experimental spec-
tra of the monoclinic and tetragonal phases (a) or adding a third-order polynomial
background contribution (b).

From equation (3.5) a quantitative compositional information about the sample
by the simple ratio a/(a + b) has been deduced. A good correspondence between

the fit and the experimental data for the ZE series has been obtained, as reported
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in Figure 3.15. For the ZYE samples a discrepancy, due to the aforementioned
emission (centered at 480 nm), which has not been taken into account in the fitting
procedure, has been observed. In order to improve the results a fit of the background
with a third-order polynomial has been considered. In this way a 6 x 6 matrix has
been obtained with evident improvement of the fit, as visible comparing the two fits

reported in Figure 3.16.

Data correlation

The above reported results obtained from the PL analyses have been compared to
the Rietveld refinements made on the XRPD patterns. In Figure 3.17 the monoclinic
content obtained with the two procedures have been reported. A good agreement
between the data is clearly visible, the points follow quite well the linear correlation
y = x. Certain variability could be imputable to the aforementioned difficulties have
been met during the development of the fitting. For example, the use of reference
PL spectra of Eu single-doped samples also for the fit of ZYE series, introduced
a systematic overestimation of the monoclinic phase in that series (Figure 3.17b).
Disregarding this systematic error, the fit can still give useful information about the

monoclinic phase content.
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Figure 3.17: Comparison between the results obtained from the PL analyses and
the Rietveld refinements on ZE and ZYE series.

An alternative approach have been counted on the calculation of “F, peak inte-
grated area between 600-608 nm and 608-620 nm ranges, and considering the inten-
sity ratio (Isos-620/I600-620)- The new plot, reported in Figure 3.18, gives a linear
relation both for ZE and ZYE series. The relation seems valid up to 70% of mon-
oclinic content in the ZYE series, although the presence of the above-mentioned
emission does not come from the RE cations. This method allows using a band

filter to register the total intensity in the right range of wavelengths without collect-
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ing a complete spectrum of a hypothetical ceramic piece, monitoring the presence
of monoclinic zirconia, after a previous calibration curve. Furthermore, this method

does not need the use of reference spectra, avoiding any error coming from its use.

1.0 0.75
0.9 4
Adj.R-Square= 0.944 0.70
0.8 0654 Adj.R-Square=0.969
o o
€ 071 060
o o
3 06 3
- =5 0.55
8 S
& 0.5 &
_8 _80.50
04 (] E_xperimfantal ® Experimental
Linear Fit 0.45 Linear Fit
034" 95% Control Limit 95% Control Limit
.T T T T T T T T T T T 040 - T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70
Rietveld m-ZrO, (%) Rietveld m-ZrO, (%)
a. ZE series b. ZYE series

Figure 3.18: Comparison between the results obtained from the ratio between
the integrated areas of the "Fy peaks and the Rietveld refinements on ZE and ZYE
series.

3.2.2 'Trivalent and pentavalent cations doped system

In order to verify the oxygen vacancies role into the YSZ materials, a co-dopant series
of samples, called ZYET, has finally been prepared. The investigated sample ZYEQ
(reported here as ZYE) has been considered as starting point for this new series.
This sample has a concentration close to the tetragonal stabilization threshold. As
reported in Subsection 2.1.2 on page 19 a progressive amount of Ta has been intro-
duced into the (Y, Eu)-doped zirconia, from 1 to 10 mol%. As already mentioned,
Ta is a pentavalent cation, so theoretically it has the opposite effect of the trivalent
doping cations (Eu®* and Y3*). For each two trivalent cations one oxygen vacancy
is introduced for electroneutrality preservation. The subsequent introduction of two
pentavalent cations should plug it. While in the previous experience the tetragonal
phase has been destabilized by extrinsic factor, such as a compression process, here
the main idea has been to achieve the same effect by intrinsic modification, 4.e. the
oxygen vacancies reduction.

The above presented double investigation method should be very useful in order
to study the phase stabilization path with the tantalum quantities. In Figure 3.19
the XRPD patterns and the PL spectra of ZYET series have been reported.

From Figure 3.19, it is evident as the tetragonal phase, which has been stabilized
by trivalent doping in the starting sample (ZYE), is reduced progressively by the Ta

increment. This behavior is clearly visible in the XRPD patterns where, the principal
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Figure 3.19: XRPD patterns and PL spectra of ZYET series.

peak of tetragonal phase, around 30°, diminishes until 7 mol% of Ta. Parallel the
lateral peaks (at around 28° and 32°) of the monoclinic zirconia increase. The same
trend is clearly observed in the PL spectra until the 7 mol% of Ta, as expected
from the previous study. Table 3.6 reports the quantitative data from Rietveld
refinements. It is worth noting that even if the monoclinic phase seems to disappear
from the XRPD patterns, a little amount has still been present in all the prepared
samples, as reported in Table 3.6. Also in the PL spectra the monoclinic emission
is clearly present in the last three samples of the series.

Some interesting consideration could be made on these analyses. As reported
above, the stabilization of the more symmetrical tetragonal and cubic phases has
been demonstrated to be a direct consequence of the introduction of oxygen vacan-
cies, due to the charge compensation phenomenon, when sub-tetravalent cations is
introduced in the lattice. In order to study the effect of the substitutional defects
and oxygen vacancies separately, some research groups managed to co-doped zirco-
nia with tri- and penta-valent cations simultaneously. The pentavalent cations have
a vacancy annihilating effect, and it is demonstrated that the presence of equimolar

quantities of them (e.g. Y-Ta or Y-Nb couples) leads to the absence of oxygen va-
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Table 3.6: Volume fractions of tetragonal phases for the ZYET series, as obtained
by the Rietveld refinements. The *-marked assignments are not confirmed.

Sample t-ZrO, (%)
ZYE (ZYEO) 95.5
ZYET1 62.5
ZYET?2 38.2
ZYET3 16.8
ZYET4 14.3
ZYET5 13.7
ZYET7 12.9
ZYETS8 92.8"
ZYET9 93.4*
ZYET10 94.7%

cancies into the lattice [144]|. Nominally, they do not contain any oxygen vacancies
because the equal concentration of trivalent (Y) and pentavalent (Ta) cations satis-
fied the charge neutrality without modifying the oxygen content. This is carry out
by the very low ionic conductivity of very similar materials co-doped with Nb (even
ifTa) compared to stabilized zirconia, with oxygen vacancies [145]. In the ZYET se-
ries, the increment of the tantalum progressively destabilized the tetragonal phase.
Differently from the previous study, the production of a less-stabilized tetragonal zir-
conia by oxygen vacancies reduction has been achieved, while previously the external
stresses have been the cause of the tetragonal progressive destabilization.

Some unexpected results must to be, however, underline. Theoretically, the
sample ZYET4 has equimolar amount of trivalent and pentavalent cations, so it
should be totally monoclinic, but this has not been verified. As reported in Table 3.6,
about 14% of tetragonal phase is still present. Even when the Ta content exceeds the
trivalent cations nominal amount, the tetragonal phase does not disappeare totally.
Furthermore, in the last three samples (ZYETS, ZYET9, ZYET10) the tetragonal
phase seems to be the predominant phase. In order to explain this process, it must
refer to another mechanism of phase stabilization, or new phase production. In order
to understand the tantalum behavior into zirconia, a new study has been started,

as reported below.

3.3 Zirconia Tantalum-doped preliminary powders

X-ray Powders Diffractometry (XRPD)

Since the study of the ZT series opened a quite new and less investigated issue on the
zirconia materials panorama, it has been necessary to start from a detailed structural
analysis. In Figure 3.20 have been reported the XRPD patterns. The samples could
be divided in three groups. At the first group belong the samples (ZT1 and ZT3)
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richer in the monoclinic phase. The patterns of the second group (ZT4 and ZT5)
are very similar and a co-presence of monoclinic and a not well-defined phase (label
as PN henceforth), usually reported in literature as orthorhombic or tetragonal, is
detectable [56, 59, 65-67|. For these samples, the PN is the prevalent phase. In
the last group, the three samples (from ZT8 to ZT20) show only the PN phase. In
Table 3.7 the quantitative estimation of the monoclinic phase (P2;/c) for the ZT

series samples has been summarized.

A\ N ZT12
ZT8
ZT5
ZT3
ZT1
1I5 ' 2I0 ' 2I5 ' 3I0 ' 3I5 ' 4I0 ' 4I5 ' 5I0 ' 5I5 ' 6I0 ' 6I5 ' 7I0

26(%)

Figure 3.20: XRPD patterns of calcined powders at 1000 °C.

Table 3.7: Volume fractions of monoclinic phase (P2;/c) for the ZT series, as
obtained by the Rietveld refinements.

Sample m-ZrO, (%)
ZT1 87.6
ZT3 69.4
7ZT4 24.1
Z'T5 18.1
Z'T8 0
ZT12 0
77120 0

In order to study the single PN phase, the XRPD of the ZT12 sample has been
analyzed following two approaches. The first approach considered simply the use
of the Rietveld refinement, while the second utilized the more complex direct space
method followed by a Rietveld analysis.

According to the first approach, the Rietveld refinements has been performed
on the full-range XRPD patterns (5° < 26 < 140°) [146, 147]. Monoclinic (P21/c),

tetragonal (P4s/nme), cubic (Fm3m) and four known orthorhombic phases (Pca21,
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Pbem, Pnam and Pbca) have been chosen as initial structures to be fitted. After
a careful evaluation of the different zirconia polymorphs, the orthorhombic Pca2;
(Space Group 29, ICSD? 67004, PDF? 01-079-1796) phase has been selected as the
best result by the Rietveld refinement. The refinement data have been summarized
in Table 3.8.

The second approach is started with alternative models incorporating the known
phases presented in literature. Tetragonal and monoclinic phases of zirconia together
with tantalum and tantalum oxides as Ta,O,4 and Ta,O; have been explored starting
from a multiphase system hypothesis. These preliminary refinements have been
made with the Rietveld software Fullprof [148]. All the trials have been unsuccessful,
so more as long as a simple insight revealed that the observed diagram has not
been corresponded to the usual ones for the crystallographic structure, and it has
been demonstrated conclusively that the new product corresponded to a new and
unknown structure. Indexation of the diagram by using the X-cell software included
in Reflex?, has been allowed obtaining a monoclinic cell with the space group C2/c.
Note that this group of symmetry is a maximal subgroup of the P4y/nme group of
the tetragonal zirconia (see below). Lattice parameters and space group have been
validated by means of a Pawley refinement, where peak intensities have been treated
as independent variables [149].

Then the resolution of the new structure on the basis of the so-called direct space
methods has been performed, since a single crystal pattern has not been available
[150-152]. The direct space methods are an alternative to the reciprocal space meth-
ods. The reciprocal space methods involve approaches developed for single crystal
data and optimized for powder data. The direct space methods, instead, use dif-
ferent algorithms for the research of the structural parameters, and an agreement
factor between the observed and calculated powder data is evaluated, optimizing
the structural model to improve the data matching. A structural model has been
optimized monitoring the agreement factor (e.g. Ry, value®) between the observed
and the calculated powder diffraction data. Global and profile variables for the cal-
culated diagram have been taken from the previous Pawley refinements. For the

optimization, different algorithms of research have been available, mainly Monte-

2Inorganic Crystal Structure Database.

3Powder Diffraction File.

4Reflex and ReflexPlus are tools of the Materials Studio®) program and are products of Accelrys
Inc., 9685 Scranton Road, San Diego, CA-92121-3752 USA.

5Also known as the weighted profile R-factor, it is the simplest discrepancy index

i WilYi,obs = icac2
Rup :\‘ X Wi (Yi,obs — Yi,calc) (3.6)

02
Zi wlyi,obs

where w; is the weight factor (l/a(yi,obs)Q), Yi,obs is the observed intensity and y; calc is the calcu-
lated intensity.

49



3.3. Zirconia Tantalum-doped preliminary powders

Carlo methods in its simulated annealing and parallel tempering® variants [150,
151].

First, the optimization of an isolated zirconia molecule, by means of a semi-
empirical approach with a NDDO Hamiltonian coupled to the PM6 forcefield, has
been made [152]. The PM6 forcefield allows for the parameterization of 70 ele-
ments, including Zr and Ta. A Zr-O bond length of 1.8127 A and a heat of for-
mation of —84.1 kcal/mol have been determined. Then the asymmetric unit compo-
sition of the unknown structure has been adjusted considering the 12mol% Ta, i.e.
71 g Tay 190,. The starting model has been built taking in account a material den-
sity of 6.40gcm™ and a cell volume of 135.29 A? estimating a four structural units
per unit cell (Z =4). The number of general positions of the space group is eight (8 f
Wyckoff position). Therefore, the oxygen atoms have been placed in general posi-
tions while Zr, and Ta as substitutional cation, has been placed in a special Wyckoff
position with multiplicity 4 (from 4a to 4e). Since the correct cation position was
unknown, the next procedure has been followed: the structural unit to a general
position in the cell has been thrown, adjusting the occupancy of metal atoms to 0.5
in order to fit the correct density of the material. Also the close-contact penalty
condition has been removed in order to enable that the Zrjg¢sTa, 5, peer atoms
converged into their correct special positions during the Monte-Carlo cycles. The
module PowderSolve [153], available within Accelrys Reflex Plus product, has been
used and five simulated annealing cycles have been performed (2-10° steps). In-
deed, the metal atoms converged in pairs towards the 4e Wyckoff positions while a
preliminary result with an agreement factor R, = 11.17% has been obtained. A
new attempt has been made with the composition constraint (Zr,¢sTay ,) in the
correct 4e position. After five new cycles in the same conditions as before, a hopeful
agreement factor R, = 5.85% has been obtained. As long as the data for the new
structure corresponds to powder data, a final refinement has been performed by the
Rietveld method with the utility present in ReflexPlus tool. The plot output for the
final Rietveld refinements has been shown in Figure 3.21, while the data have been
summarized in Table 3.8

In order to support that Ta promotes the conversion from the tetragonal phase
(P43/nme) to the simulated monoclinic (C2/c) versus the usual P2;/c structure,
an ab initio calculus for the Transition State (TS) search has been performed. The
DMol software package included in Materials Studio®), which applies Density Func-
tional Theory (DFT), has been used [154]. The TS search and optimization have
been based on delocalized internal coordinates for either molecular or periodic sys-

tems [155]. Primitive cells have been chosen for both the tetragonal phase (reactant)

6 A simulation method that improves the dynamic properties of Monte Carlo method for physical
systems simulations.
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Table 3.8: Comparison between the Rietveld refinement parameters achieved with
the two different approaches.

First approach Second approach
Space Group (SG) Pca2;y (29, orthorhombic) C2/c (15, monoclinic)
Rup (%) 6.46 5.34
a :5.262(4)é a :5.035(2)£
. b=5.023(4 b=5.273(2)
Lattice parameters . :5.097E4; A . :5.107&) i
B =90.05(2)°
Zr-Ta [4al] Zr-Ta [4e]
0.5278(1); 0.2572(1); 0.2488(1) 05  ;0.279(4); 0.25
Atomic positions O1 [4a] O [8f]
[Wyckoff positions] 0.8488(1); 0.0448(1); 0.0912(1) 0.257(2); 0.428(1); 0.935(1)
02 [4a]

0.2377(1); 0.4640(1); 0.0166(1)

o Experimental
Pca21
—C2/c

32 34 36 38 40 42 44 46

Intensity (a.u.)

15 20 25 30 35

Figure 3.21: Rietveld refinement comparison between Pca2; and C2/c space
groups for ZT12 powder calcined at 1000°C. The residuals are reported below the
fitting curves.

and the new monoclinic phase (product). Indeed, the symmetry has been moved to
P1. The TS search has been relied on the synchronous transit method, which is a
global method that interpolates a reaction pathway between reactant and product
to find the TS [156]. The TS is a saddle point on the potential energy surface, which
indicates the energy barrier connecting reactant and products to each other. After
establishing the appropriate pairing of atoms, a full LST/QST cycle” has been per-
formed with the GGA functional® [156, 157]. An energy barrier of 43.4 kcal/mol has

"Linear Synchronous Transitions (LST) and Quadratic Synchronous Transitions (QST).
8Generalized Gradient Approximation.
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finally been calculated.

As visible in Figure 3.21, the two refinements are quite similar (see also the
residuals), the main differences are visible in the inset of the figure suggesting that
the proposed solutions cannot be considered conclusive. Therefore, a comparison
between the atomic positions inside the cell has also been investigated. In order
to compare the two space groups, a different setting for the Pca2; space group has
been chosen. First, the allowed transformation (b, —a, ¢) changes the Pca2; space
group into the Pbc2; modification, in this way the lattice parameters have been
comparable with the C'2/c ones. Observing the new generated atomic positions; a
translation of (1/4, —3/4, 0) it is necessary for a good match of the two cells. In

Figure 3.22 a representation of the two overlapped cells have been proposed.

Figure 3.22: Comparison between the monoclinic C2/c (black cell, Zr**: blue,
02~ yellow) and the orthorhombic Pbc2; (red cell, Zr**: green, 0% : orange) cells.

As shown in Figure 3.22, the Zr** cation sites are completely overlapped (taking
in account the structure periodicity), while little shifts of the O?~ anions sites are
visible. The two structures are quite similar and stackable. It is worth noting that
the searched structure is a slight deformation of the fluorite-like structure of the
cubic zirconia, which is also the case for the monoclinic P2;/c polymorph [158]
(see Subsection 1.2.1 on page 4). The first neighbors Zr-O distances for the usual
monoclinic polymorph are in the range between 2.051 A and 2.285A. However,
for the new monoclinic structure (C2/c) these distances are shorter (the range is
1.939-2.184 A), probably due to the presence of Ta as alloying element.

Since the second approach has been much more rigorous and reliable than the
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first one, comparing the refinement results, the PN phase as a distorted monoclinic
structure with the cell parameters very close to an orthorhombic one (8 » 90°) could
be considered. This structural feature was probably the main cause of the ambiguous
results reported in literature. From the crystallographic point of view, the Pca2;
space group is acentric while the C2/c is centrosymmetric, so the final decision about
the space group identification would be taken only after a single crystal XRD. From
a XRPD pattern is not possible to distinguish between these two cells.

As reported by Trolliard, Mercurio, and Perez-Mato, a close relation between
tetragonal (P4a/nme, SG 137), monoclinic (P2; /¢, SG 14) and orthorhombic (Pbc2q
or Pca2y, SG 29) zirconia polymorphs exists [159]. All these structures derived from
the cubic polymorph (Fm3m, SG 225), which is a fluorite-type structure. More-
over, the phase transitions are martensitic diffusionless type, it means that they are
reversible, and only bond distortions occurs. So, the modifications, from the more
symmetric structure to the less one, could be described as Slightly Distorted Fluo-
rite (SDF) or Highly Distorted Fluorite (HDF) sheets inside the different structures.
In the above-mentioned work, a good and deep study on atoms displacements and
lattice parameters relations among these structures is reported. It is well known
that monoclinic is the thermodynamics more stable phase at RT, so the t - m tran-
sition is spontaneous when the zirconia transforms freely without external stresses.
This direct transformation occurs with the axis ¢, parallel to the axis ¢;, producing
a C-type variant crystal, which is the most observable in the zirconia microstruc-
tures. Anyway the tetragonal-orthorhombic-monoclinic (t - o - m) indirect path
could also occur with a double step process which involves that axis b, is parallel
to the axis ¢; (B-type variant crystal). This second indirect process can take place
in stressed conditions, as in the bulk of the ceramic pieces. During the martensitic
t - m transformation, the correlated volume increment (4%) leads to high stress re-
gions, where the same transition could be avoided. So, a high-pressure orthorhombic
phase could be intrinsically stabilized and later transit to monoclinic phase. In this
way, both the paths occur in the same region at the same time, producing B and
C-type variant crystals. The authors concluded that monoclinic and orthorhombic
polymorphs are equally accessible if they are regarded as cubic phase distortion, but
once the tetragonal configuration occurred (three equivalent orientations respect to
the cubic setting are possible) the symmetry between them is broken and a recon-
structive transition should be necessary to pass from orthorhombic to monoclinic.
Moreover, it is worth noting that both monoclinic and orthorhombic needed at least
two distortion modes. Furthermore, both the phases could be achieved by the con-
temporary presence of two distortions of the same space groups (Pcca and Pbcn),
even if with different relative orientation. Finally, the authors suggested that the

orthorhombic phase is an alternative structure to the monoclinic phase rather than
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3.3. Zirconia Tantalum-doped preliminary powders

an intermediate step of the martensitic transformation. As schematically shown in
Figure 3.23, the monoclinic C2/c as intermediate step between tetragonal P4y/nmc
and monoclinic P24 /e, while orthorhombic Pca2; as alternative to monoclinic P24 /¢

have been considered, respectively.

Fm3m

+

P4y /nme

Cecca

C2/c Pben Pcca Aba2

N XL

P21/C PC(121

Figure 3.23: Group-subgroup lattices for Fm3m — P21/c — Pca2; space groups.

Recent works shown the first experimental evidences about the orthorhombic
phase formation at RT, even if particular external anisotropic constraints are ap-
plied [160, 161]. Other works reported how orthorhombic phase could be achieved
in zirconia doped materials, where the internal stresses are introduced by doping
cations that avoid the common ¢ - m transition [162, 163].

Commonly the doping of zirconia is a wide known method to stabilize its tetrag-
onal or cubic polymorphs. Phenomenologically, the reason why the Ta(V) stabilizes
the orthorhombic phase should be view in terms of internal stresses and lacking of
oxygen vacancies: a) it seems that Ta(V) doping generate internal local compressive
stresses that hinder the monoclinic to tetragonal transformation, thus stabilizing the
orthorhombic zirconia phase [159]; b) unlike the well-known case of Y (III) doping,
in which two atoms introduce one oxygen vacancy in the zirconia structure leading
the tetragonal or cubic stabilization, Ta(V) does not introduce any compensating
vacancy. The Zr(IV) coordination number remains 7 and only structural changes
are introduced by the smaller size of the doping cation. In conclusions, although
it cannot beforehand exclude the formation of a fully orthorhombic structure, the
hypothesis about having a slightly distorted monoclinic structure with the cell pa-

rameters very close to an orthorhombic one seems, until now, to be realistic.
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Raman Spectroscopy

The Raman spectroscopy results have been in complete agreement with the findings
obtained from XRPD patterns. As shown in Figure 3.24, for the sake of simplicity,
it is possible to divide the Raman spectra into three different groups: low (ZT1
and ZT3), middle (ZT4 and ZT5) and high dopant-content (ZT8, ZT12 and ZT20)
spectra. At a first glance, the first group revealed the presence of the monoclinic
structure as the dominant phase. This symmetry is distinguishable by 18 Raman-
active modes [115]. Unlike the XRPD patterns, a second phase is not still detectable

in the Raman spectrum of sample ZT3, even though a peak broadening has been

observed.
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Figure 3.24: Raman spectra of ZT series calcined powders at 1000 °C.

The second group clearly show the co-presence of monoclinic structure with a
different polymorph. In particular, new weak lines in the low-frequency range at
146, 170, 180, 208 cm™! (marked with a cross +) that could be characteristics of
an orthorhombic system, have been observed [164-166]. Moreover, also the 359,
405 and 593 cm™! peaks can be ascribed to the new phase, referred from now as
orthorhombic. At the same time the intensity of the isolated monoclinic Raman

modes at 96 and 475cm™! (marked with a star *) contemporaneously decrease.
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These spectral features indicate that the PN phase content increases, while the
monoclinic one decreases progressively. Above 5 mol% of Ta doping, the related
peaks to the monoclinic polymorph has not been clearly detectable, especially those
at 96 and 475 cm™!. Finally, the third group (ZT8, ZT12 and ZT20) spectra profiles

differ slightly among them, maintain the features of the orthorhombic symmetry.
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Figure 3.25: Zirconia single phase Raman spectra.

Table 3.9: Theoretical Raman-active modes for the atomic sites (Wyckoff positions)
relative to the investigated space group of the zirconia polymorphs.

P45 /nmce Pca2, C2/c P24/c
2a/2b 4a 4a de 8f de

Mode

Aig
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Ax

By
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B
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B, 2 3
A, 3

Bu

Sites Zr (0] Zr, O1, O2 Zr (0] Zr, 01, 02
Total 6 36 9 18

N = =

W W ww
w

w

The experimental data of the PN phase structure have been compared with the
literature ones, keeping in mind the XRPD results. First, the Pbcm geometry can
be excluded as a candidate for the orthorhombic phase, since several authors [165,

167] considering it as a not reliable structure for a stable polymorph of zirconia
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[168]. Also the Pnma, structure, seems to give a quite different spectrum pattern,
having different vibration modes [169], and thus can be excluded as well. Moreover,
the Pbca Raman spectrum reported by different authors does not match exactly
with the spectra experimentally achieved, even though, in the first range of the
spectra, new frequencies are not clearly distinguishable due to the overlap with
those of the monoclinic symmetry. Therefore, according to the results obtained by
the analysis of the XRPD patterns, only the Pca2; symmetry has been considered
for the description of the phase. Since the Pca2; Raman spectrum has not yet
been reported, this phase as indicate from XRPD results and from the Raman
spectra obtained, could be considered as a slightly distorted monoclinic structure.
In fact, looking at the high concentration dopant series spectra (i.e. 8-20 mol%),
the main change, as a result of subsequent Ta(V) doping, consists in a continuous
broadening and shifts of the peaks frequency. This is a common observation in
Raman spectroscopy of solid solutions when disorder due to a substituting dopant is
introduced in the crystal structure [170]. Surely, Raman data about C2/c cell are not
reported too, since its existence has been proposed in this project for the first time.
Actually monoclinic (P2;/c) to orthorhombic phase transformation required only a
slight structural change, as already mentioned. Nevertheless, it is only observed in
his pure form as a high-pressure polymorph [115, 164, 166, 167, 171| or as isolated
island on a sapphire substrate [165]. Here, for the first time, the Raman spectrum
of this phase at room temperature and at normal pressure has been observed.

Of course, prediction of the Pca2; Raman modes by first-principles calculations
will help to elucidate and confirm the spectrum associated to this structure. The
evolution of the different zirconia polymorph Raman spectra have been reported in
Figure 3.25: undoped ZrO, for monoclinic, ZT12 sample for PN phase and ZY8 for
tetragonal [7].

From the Raman theory, it is possible to check how many Raman-active modes
are correlated with the atomic sites for each polymorphs. In Table 3.9, the Raman-
active modes have been reported for the Space Group investigated and their relative
Wyckoff positions. From Table 3.9, the total number of theoretical modes for Pca2;
(36) is higher than the C2/c (globally 9) ones. Observing the spectrum shape of the
PN phase, it seems that more than 9 modes are present. So, at least qualitatively,
the Raman spectroscopy seems to favor the orthorhombic solution respect to the

monoclinic one.

In situ X-ray Powders Diffractometry (XRPD)

The XRPD patterns in Figure 3.20 evidence that, in the investigated samples with

higher tantalum content, the monoclinic phase decreases, while the PN phase in-
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3.3. Zirconia Tantalum-doped preliminary powders

creases and no tetragonal phase is found when Ta(V) is added as a doping ion. As
reported above, this seems to be in contrast with some papers on similar systems
studied without a detailed and consistent phase analysis [61-64| . The three most
significant samples ZT3, ZT5 and ZTS, one for each group reported above, have fur-
ther been investigated with in situ XRPD by the synchrotron radiation. Figure 3.26
show the thermal evolution of the XRPD patterns from 100 °C to 1000 °C and the
subsequent cooling down to RT, every 100°C.
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Figure 3.26: In situ XRPD thermal patterns of the samples from 100°C to 1000°C
and back with synchrotron radiation (A =0.82458 A).

All the as prepared powders are amorphous at RT. This is coherent with the
hydroxide co-precipitation synthesis method used. The crystallization process starts
above around 400°C. This is verified for each sample. Up to 500°C, no crystalline
peaks are detectable in the patterns. The PN phase starts to grow at the same
temperature for all the samples. This demonstrates the role of the Ta(V) ion as
stabilizer of the PN phase. The patterns of the ZT3 sample show the formation of
a small amount of the monoclinic phase at temperature higher than 900°C. Then,
during the cooling process, the monoclinic phase content increases, while the PN
phase decreases as expected from the XRPD obtained at RT (see Figure 3.20). The

monoclinic phase is still present in the sample ZT5, at 900°C, but in a smaller
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amount. Again, during the cooling process below 300°C, monoclinic slightly grows
up, while the amount of the PN phase decreases showing that the stabilization of
this phase is not still completed. In the ZT8 no monoclinic phase is detectable at
all. The PN phase that grows in that sample is the same during all the thermal
process. This phase is stable until 1000°C and no transformation occurs even during
the cooling.

The analysis of the cooling process is very interesting because it is an index of the
thermal stability and some other useful properties for the ceramic materials could
be determined. From the profile analysis made on the in situ XRPD patterns, the
unit cell parameters have been refined. In this way, the cell volume could be esti-
mated at different temperature. When a material is heated, the thermal agitation
causes the bonds lengthening, the volume of crystalline materials increases and a
correlation between volume and temperature, known as Coefficient of Thermal Ex-
pansion (CTE), could be defined. From classic physics, the one-dimensional thermal

elongation is

L=Lo(1+AT) (3.7)

where L is the final length, Lg is the initial length and A is the linear CTE,
characteristic for each material. For three-dimensional expansion, the expanded

volume V of a cube, with Lg initial side, is determined as follow

V = [Lo(1+AT)]? = L3(1 + 3AT + 3\*T% + \*T?)

(3.8)
~ Vo(1+3AT) = Vi(1 + aT)

where V) is the initial volume and « is the volumetric CTE. The relation a = 3\
is true only for isotropic materials, i.e. those that expand equally in all directions.
From the linear dependence between volume and temperature, o could be calculated

as derivate

o= vioj_; (3.9)

The « (or A) values reported in literature are always referred at 20°C, i.e. con-
sidering Vj as the volume at that temperature.

From the microstructural point of view, the material with a non-cubic crystallo-
graphic system symmetry should be considered anisotropic, i.e. with different CTE
along the three lattice parameters (a, b, ¢). As reported by Kisi and Howard, the
lattice parameters of the different zirconia polymorphs, have well-defined linear be-

havior [158|. In this way, the volume linear behavior could be calculated for the same
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validity range, and the crystal volumetric CTE could be estimated. Since the « (or
A) values are reported in literature for massive materials, i.e. with polycrystalline
structure, the anisotropic effect, evident in a single crystal material, is mediated by
the random crystals orientation. In first approximation, the « value calculated by
this procedure could be considered as an average product of A,, Ap and A.. The value
of o extrapolated by the literature for monoclinic phase (22.8-107%K™!) satisfied,
inside the error range, the reported one in Table 3.10 calculated as product of the
three lattice linear behavior (V' = beasin 3, asin 3 is used instead of a in order to
consider the angle) [172].

Taking these assumptions as correct, the evaluation of PN phase (considered as
orthorhombic cell) CTE, not reported in literature yet, has been proposed. Fig-
ure 3.27 shows the behaviors of the calculated cell volumes obtained from the profile

analysis of the XRPD synchrotron patterns.
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Figure 3.27: CTE for monoclinic and PN phases.

Table 3.10: Linear fit parameters for monoclinic phase volumetric CTE calculation.

Intercept Slope R-Square Vo (Ag’) a (107°K™)
Literature 139.339+0.001  0.003234 + 0.000001 1.000 140.287 23.1
ZT3 140.6 £ 0.1 0.0035 + 0.0001 0.989 141.6 24.7
Z'T5 140.8 £ 0.1 0.0037 + 0.0001 0.988 141.9 26.1

Table 3.11: Linear fit parameters for PN phase (as orthorhombic) volumetric CTE
calculation.

Intercept Slope R-Square Vo (A3) a (1079 K™)
ZT3 134.0+0.1 0.0048 + 0.0001 0.994 135.4 35.4
ZT5 134.28+0.01 0.00454 +0.00001 0.998 135.61 33.5
ZT8 135.0+0.1 0.0044 + 0.0001 0.986 136.3 32.3
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Independently from the doping amount, the very similar slopes of the lines un-
derlined the same behavior for each phase. The Ta content concerns, instead, the
intercepts values, higher the doping amount bigger the cell volume.

Considering the zirconia engineering availability as Thermal Barrier Coating
(TBC), a good blades protection is achieved when the top coat has a) high melting
point, b) low density, ¢) low coefficient of thermal conductivity, d) good corrosion,
oxidation and wear resistance and e) a CTE value very similar to the substrate one
[173]. Usually the zirconia YSZ, used for this application has a CTE of 311079 K1,
The superalloy metal substrates of the turbine blades, such as Hastelloy®) or In-
Conel®9, have values around 36-44 - 107 K~!. From this study the CTE of Ta-doped
zirconia materials is higher than the YSZ one. So, the difference between substrate
and coating CTE values is smaller and a better protection should be achieved. Fur-
thermore, as already discussed, some examples in literature are reported about the
improvement of the corrosion resistance [57-60] and the lowering of the thermal

conductivity coefficient [174] in the Ta-doped zirconia materials.

3.4 Zirconia Tantalum-doped sintered materials

In this paragraph, the last part of the project about the zirconia structural study has
been presented. A first attempt about the production of sintered Ta-doped zirconia

materials with PN phase has been presented.

3.4.1 Structural analyses
Wide Angle X-ray Scattering (WAXS)

Two series of specimens have been prepared: SPS1150 (T=1150°C, P=100 MPa,
t=5min) and SPS1250 (T=1250°C, P=75MPa, t—5min). A sintered material has
been considered as full-dense when its bulk density is as close as possible to its
theoretical density!®. In Table 3.12 the calculated bulk density, by Archimedes’
method, have been reported.

As clearly reported in Table 3.12; the density of the same specimen is higher
for the second experimental conditions (SPS1250). The quantities of the monoclinic

phase have been calculated from the Rietveld analysis of the WAXS patterns re-

9Nickel-Chromium-based superalloys.
10T he theoretical density of a crystalline material is calculated from its lattice parameters by the
formula
ZM
P VeeulNa (3.10)
where Z is the number of asymmetric unit into the cell, M is the molecular weight of the
compound, Ve is the unit cell volume and N4 is the Avogadro’s number (6.022 - 10%3 mol_l).

61



3.4. Zirconia Tantalum-doped sintered materials

Table 3.12: Bulk density of SPS specimens. The values in brackets are relative to
the theoretical density estimated considering the Rietveld refinement phase content
and the PN phase as orthorhombic.

Bulk density (gcm™)

SPS1150 series SPS1250 series
ZT5SPS 5.965 (96.8%) 6.094 (98.9%)
ZT8SPS 6.262 (98.8%) 6.340 (99.5%)
ZT12SPS 6.505 (98.1%) 6.547 (98.8%)

ported in Table 3.13. The specimens show a similar behavior increasing the Ta
quantity. The classic monoclinic phase (P21/c) amount clearly decreases from 5%
to 12% of doping as shown in Figure 3.28. This could be an evidence of the gradual
PN phase stabilization by Ta content. Finally, it is worth noting that the com-
pletely stabilization of the PN phase at 1000 °C, demonstrated by the in situ XRPD
patterns performed at the Synchrotron facility, is not possible at the two sinter-
ing temperature, moreover higher the temperature higher is the monoclinic content.
From the patterns comparison in Figure 3.29, a different phase content is visible for
the three experimental conditions (calcined powders at 1000 °C, sintered materials
via SPS at 1150 °C and at 1250 °C).
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T e e e e e R e e e e e e e R R e
15 20 25 30 35 40 45 50 55 60 65 70 15 20 25 30 35 40 45 50 55 60 65 70
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a. SPS1150 series b. SPS1250 series

Figure 3.28: WAXS patterns of the sintered SPS1150 and SPS1250 series.

These data revealed that, probably, higher doping content it is necessary to
completely stabilize the PN phase in full-dense sintered material. SPS specimens at
1000°C, also with a uniaxial pressure pre-consolidation of the powder at 1.24 GPa
(10t), have been performed. The specimens shown around 80% of the theoretical
density, too much low in order to performed mechanical tests. The WAXS patterns

of these specimens did not show any monoclinic residuals (data not reported).
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Figure 3.29: Comparison between XRD patterns of sintered materials and powders
ones.

Scanning Electronic Microscopy (FE-SEM)

In Figure 3.30, the FE-SEM images of the polished and annealed surface of SPS
specimens have been reported. In order to emphasize a compositional contrast, the
images have been recorded in Backscattered Electrons (BSE) mode.

An evident atomic weight contrast is visible on the polished surface of the sin-
tered specimens. The lighter zones are related to the heavier composition grains,
so they are richer in heavier element, i.e. Ta. It is worth noting that the lighter
zones increased from 5% to 12% of Ta as expected by the Rietveld refinements. The
punctual Energy Dispersive X-ray Spectrometry (EDS) analyses of the two different
zones (Figure 3.33), point out a higher percentage of Ta on the lighter grains. In-
stead, the darker zones are very poor in doping cation. Considering tantalum as PN
phase stabilizer, the lighter grains could be associated to PN phase and the darker
to the classic monoclinic one. The results of the statistical analysis based on the
grayscale quantification of the two zones made with the ImageJ program has been
reported in Table 3.13. The quantitative estimation matches very well also with the
Rietveld calculations, independently to the considered space group for the PN phase.
The difference between the two specimen series has also been estimated. A good
agreement with WAXS patterns has been found as clearly evidenced in Figure 3.31.

Observing carefully the Figure 3.30 it is possible to distinguish also the grain
boundaries between the two areas. In order to emphasize the grain boundaries
the same focused fragments have been recorded in Secondary Electrons (SE) mode,

which displays a morphological contrast. In Figure 3.32 an evident comparison

63



3.4. Zirconia Tantalum-doped sintered materials

1pm EHT =20.00 kv Signal A= AsB Aperture Size = 30.00 m 1pm EHT =20.00 kv Signal A= AsB Aperture Size = 3000 um
WD = 7.7 mm Mag= 40.00 KX Spot Size = 1 WD = 80mm Mag= 40.00KX Spot Size = 1
a. ZT5SPS1150 b. ZT55PS1250

EHT =20.00 kv Signal A = AsB Aperture Size = 30.00 ym EHT =20.00 kv Signal A = AsB Apetture Size = 30.00 ym
WD = 8.1mm Mag= 40.00KX ‘Spot Size = 1 WD = 84 mm Mag= 40.00KX Spot Size = 1

c. ZT8SPS1150 d. ZT8SPS1250

1pm EHT =20.00 KV Signal A= AsB Aperture Size = 30.00 ym ﬁ 1um EHT =20.00 KV Signal A= AsB Aperture Size = 30.00 ym ﬁ
WD = 8.0mm Mag = 40.00KX ‘Spot Size = 1 WD = 8.1 mm Mag= 40.00KX Spot Size = 1
e. ZT128PS1150 f. ZT12SPS1250

Figure 3.30: FE-SEM images in BSE mode of the polished SPS specimens surfaces.

between the BSE and SE mode of the same pictures has been reported.

From these experimental evidence, the grain size for the two different EDS zones
has been estimated. Once again, the ImageJ program has been used for the deter-
mination of the grain area A and its perimeter p. The equivalent planar diameter

D has been estimated as follow

D=y/= (3.11)
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Table 3.13: Comparison between statistical estimation of the dark zones in
FE-SEM images (BSE mode) and monoclinic quantification by Rietveld method
on WAXS patterns.

SPS1150 series SPS1250 series
BSE WAXS BSE WAXS
dark zones % monoclinic % dark zones % monoclinic %
ZT5SPS 55+ 4 53+ 3 61+4 59+ 3
ZT8SPS 38+4 41+3 40+ 4 42+ 3
ZT12SPS 11+2 10+ 3 13+4 11+3
70 o 5SE 70 70 S 70
60 I WAXS [ 60 60 I \WAXS [ 60
= 504 lso © % 50 lso ©
8 £ 3 £
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Figure 3.31: Comparison between statistical estimation of the dark zones in
FE-SEM images (BSE mode) and monoclinic quantification by Rietveld method
on WAXS patterns.

Another important value is the shape factor F' that has been determined as

follow

F = % (3.12)
p

The shape factor indicates how the grains have been close to the ideal circular
shape, so it takes values between 0 (infinitely elongated grain) and 1 (ideal circular
grain). In Table 3.14 the statistical estimation of the grain size and the relative
shape factor have been reported. At least 300 grains per type have been considered
for the statistics.

From the above reported data, the light grains are smaller than the dark ones.
The monoclinic phase grows more rapidly than the PN phase, because of it is poorer
in doping cation. Observing the shape factor, both the grain types show the same
growth path, without any preferential elongation.

Figure 3.33 show the comparison between the EDS spectra of the bulk samples,
and the comparison between the different compositional zones for each sample. From

EDS analysis an elemental composition estimation has also been achieved. The
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Figure 3.32: Comparison between SE (right) and BSE (left) mode fragment of the
specimen ZT8SPS1250.

Table 3.14: SPS specimens grain size D statistical estimation and shape factor F'.

SPS1150 series SPS1250 series
Dark grain Light grain Dark grain Light grain
D (nm) F D (nm) F D (nm) F D (nm) F

ZT5SPS 550+ 80 0.69 320+60 0.66 600 £ 80 0.69 35040 0.68
ZT8SPS 560+ 70 0.69 340+ 50 0.67 580+ 60 0.70 330+ 60 0.67
ZT12SPS  540+50 0.68 350 +40 0.67 590+ 30 0.69 340+ 30 0.68

quantitative evaluation has been made on the peaks areas relative to Zr and Ta
energy lines (Zr: Ly =1.792keV, Lo =2.042keV, Lg; =2.124keV, Lgy =2.219keV
and Ta: My =1.329keV, My12 =1.71keV, Mg =1.765keV). The lowest beam energy
(5keV) is used in order to achieve a more superficial signal minimizing the pear-
shaped interaction volume.

The quantitative results, on the average composition of the specimens reported
in Table 3.15, match very well the nominal content of the as prepared powders.
The tantalum signal in Figure 3.33a and Figure 3.33b increases from sample ZT5 to
7Z'T12 as foreseen by the BSE images. No differences have been registered between
the two sintering condition series. An important consideration must be done on
the punctual analyses performed on the two grayscale areas. In each sample, the

same spectrum has been measured, both for light and dark grains. Once again, it

66



3.4. Zirconia Tantalum-doped sintered materials

—ZT5
—ZT8
—ZT12

—ZT5
|——2zT18
—27ZT12

2 2
c C
> >
o o
o A o A
12 14 16 18 20 22 24 26 12 14 16 18 20 22 24 26
Energy (keV) Energy (keV)
a. Bulk zones in SPS1150 series b. Bulk zones in SPS1250 series
—ZT5 —ZT5
1——2zT8 1——2zT8
—ZT12 ——7T12
2 2
c c
=) 3
o [
o A o A
1.2 114 1r6 1r8 2'.0 2i2 2f4 2i6 1.2 1j4 1r6 1r8 2'.0 2f2 2f4 2i6
Energy (keV) Energy (keV)
c. Dark zones in SPS1150 series d. Dark zones in SPS1250 series
——ZT5 —ZT5
1l—2zT8 1j——2T8
—ZT12 —ZT12
2 2
c c
=) =)
o o
o A o A
1.2 114 1r6 1r8 2'.0 2f2 2f4 2i6 1.2 1f4 1r6 1r8 210 2f2 2f4 2'.6

Energy (keV)
e. Light zones in SPS1150 series

Figure 3.33: EDS analyses on bulk, dark and light zones in SPS series.

Energy (keV)
f. Light zones in SPS1250 series

The

orange lines are related to Ta (My =1.329keV, Mqy12 =1.710keV, Mg =1.765keV),
the green lines are related to Zr (L; =1.792keV, Lq1 =2.042keV, Lg; =2.124keV,

Ly =2.219keV).

seems that the former is related to the classic monoclinic phase and the latter to the

PN phase. A constant composition for each phase has been estimated. The dark

monoclinic grains are very poor in Ta that do not stabilize another zirconia phase.

This assumption could suggest the Ta-poor phase (i.e. the monoclinic) separation,
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which maybe occur during the cooling rate of the SPS process. Observing the Ta-
richer phase, it has a rough formula very similar to the Ta,ZrgO,; phase, which
is already reported in literature by Sellar [70]. An average content of Ta around
15-16mol% seems be the minor doping amount for a full stabilization of the PN

phase.

Table 3.15: Tantalum molar quantitative estimation from EDS peaks analyses.

SPS1150 series SPS1250 series
Ta % bulk  Ta % dark  Ta % light Ta % bulk  Ta % dark  Ta % light
ZT5SPS 5+1 2+1 15+1 5+1 2+1 15+1
ZT8SPS 8+1 2+1 16 +1 8+1 2+1 16 £1
ZT12SPS 13+1 2+1 16+1 12+1 2+1 15+1

2um EHT = 5.00 kV Signal A = AsB Aperture Size = 60.00 um
[*"} WD = 8.5 mm Mag= 500KX Spot Size = 1

Figure 3.34: Sintered zirconia (ZT12SPS1250) crack fractures FE-SEM image in
BSE mode (left) and normal mode (right).

Finally, another interesting experimental evidence has been observed. From
data reported in Subsection 3.3 on page 57, it is worth noting the different thermal
behavior of the two phases, i.e. monoclinic expanded less than PN phase. This
means that during cooling a weakening between the two phases boundaries occurs.
It could produce radial micro-fractures around the inclusion, whose CTE is lower
than that of the main phase [175]. In Figure 3.34 some fractures inside the sintered
material are clearly visible. It is also evident, as the radial fractures are correlated

to the lower weight fraction grains, i.e. the darker zone in the left side of the
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figure recorded in BSE mode. These fractures are probably generated, during the
cooling rate, by the lower thermal expansion of the monoclinic inclusion respect to
the matrix behavior (PN phase). Once more the dark zone could be related to the

monoclinic fraction of the materials.

3.4.2 Mechanical tests

As final argument, the first mechanical tests results performed on the Ta-doped zir-
conia sintered materials, have been proposed. This section has not been completed,
because of the tests have been made in the last period of the project. Nevertheless,
some interesting and uncommon behavior has been obtained. Therefore, this data

could be proposed as starting point for a next and deeper study.

Compression test

In order to determine the mechanical strength, a material must be deformed by
an increasing stress. The external stress produce a deformation of the specimen
dimensions. In particular, for a compression test, the strain € along the dimension
L is

AL Lg-L;
"Ly Lo
where Lg is the initial length and L; is the final length. The stress o is the

pressure imposed on the specimen cross-section S

€= (3.13)

F

o= (3.14)
where F' is the applied compressive strength. Imposing an increasing stress and

recording the relative strain, the well-known stress-strain curve are achieved.
Every material subjected to stress deforms itself. In the first part of the defor-
mation, if the stress is removed the material, returns to its initial condition. This
is called elastic deformation, which could be followed by a permanent plastic defor-
mation, over the as called yield point. For ceramic materials, which are brittle, over
the elastic deformation the material fails. In the elastic regime, the stress is linearly

dependent by the strain as follow

o = Ee (3.15)

where F is the Young’s modulus or elastic modulus for compression, which is an
index of the material stiffness. In Figure 3.35, the compression strain-stress curves
made on the SPS1250 series at 1100 °C have been proposed.
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Figure 3.35: Compression stress-strain curves performed on SPS1250 series at
1100°C.

Table 3.16: Compressive test data on SPS1250 series performed at 1100 °C with a
compression rate of 5 pm/min.

E (GPa) AL (mm)
ZT5SPS1250 13.6 £ 0.5 -0.19
ZT8SPS1250 11.7+£ 0.5 -0.34
Z'T12SPS1250 10.3+0.5 -0.17

The Young’s modulus is related directly to the bond strength, so it depended
also by the temperature. Since, at high temperature the atom separation is easier,
FE decreases with temperature. In literature the pure monoclinic zirconia elastic
modulus at 1100°C is 21 GPa, while it is 186 GPa at RT [172]. The presence of two
or more phases affects also this property; in particular the phase with the lower
modulus influences the overall mechanical behavior [176]. In Table 3.16, all the
calculated moduli are evidently lower than the literature value already mentioned.
The double phase (monoclinic and PN phase) present in SPS1250 series specimens
reduces the materials stiffness. Besides, higher is the quantity of PN phase lower is
the overall elastic modulus. In Figure 3.36 the Young’s modulus dependencies on
the Ta and the monoclinic phase content have been reported.

As reported in Figure 3.36a, an exponential decay of E (at 1100°C) with the
Ta content has been found. This trend it is very interesting because, over a specific
threshold, the modulus reaches a constant value. This should be correlated to the

modulus of a new phase, with a constant composition, i.e. the PN phase. It is worth
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Figure 3.36: Elastic modulus at 1100°C correlation with Ta content and mono-
clinic phase content.

noting that the curve asymptote (9.2 GPa) is reached over the 16 mol% of Ta which
could be related to the composition of this new phase. The EDS analysis made on
the PN phase (columns Ta % light in Table 3.15) suggestes similar result. So, even
if only few data have been reported in Figure 3.36a, this result could be considered
as the second raw evidence about the PN phase theoretical composition.

As already mentioned, the tantalum amount is directly connected to the PN
phase quantity present in the ZT series. When two phases are present, the global
modulus could be estimated by the combination of the single-phase moduli. Impos-
ing the £ =9.2 GPa as the PN pure phase modulus, it is possible to calculate the
modulus variation with the phase content in the double phase system. Generally,
it is possible to estimate the theoretical limits of the elastic modulus for a mixed
phase system with two models. Assuming that the strain is the same in each phase
(monoclinic m and PN phase in the present case), the Voigt model represents the

elastic modulus upper limit as follow

E= VmEm + (1 - Vm)EPN (3.16)

considering V,, + Vpn = 1. Assuming, instead, that the stress is the same in each

phase, the Reuss model represents the elastic modulus lower limit

L Vi, 1=V
E E, Epx

(3.17)

In Figure 3.36b, the Young’s modulus against the monoclinic P2;/c volume
fraction has been reported. The Voigt and the Reuss limits have been achieved

placing E,, =21 GPa and Epn =9.2 GPa. As shown, the elastic modulus extrapolated
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from the stress-strain curves, are comprised between the theoretical limits of Voigt
and Reuss. As the previous analysis, a deeper study and many data should be
confirmed this first raw approximation. It seems clear that the PN phase is less stiff
than the monoclinic one, i.e. the Ta-doped zirconia has a higher strain tolerance,
which is another good property for the material engineering application as TBCs
[173]. The strain tolerance increase is usually connected to a controlled porosity of
the top coat in the TBCs technology, which however produced a less dense coating.
The SPS Ta-doped zirconia materials are full-dense, so they could be provided a

more compact layer with a high strain tolerance.

Creep test

The creep phenomenon occurs when a material is exposed at high temperature and
constant stress. Depending on the type of material, creep is evident over a specific
temperature, for ceramic material it must be higher than half of its melting point.
Two main phenomena are involved during the creep deformation: hardening and
annealing. The former increases the dislocation density and the mechanical strength
of the material. The latter allows the dislocation diffusion and the recovery of the
deformation process. During the test, the specimen is subjected to a constant stress,
o, and the corresponding strain, ¢, is evaluated. The strain rate ¢ is calculated as

the time derivate of the strain

o de
ot
A typical creep curve could be divided in three steps. In the primary step

(3.18)

(transient), governed by hardening, the ¢ decreases; the secondary step (steady-
state), is characterized by a constant € due to the balancing between the two above
mentioned phenomena; and finally the tertiary step, where the € increases in an
uncontrollable way until the failure of the specimen, caused by the formation of
necks and cavities inside the material. The secondary stage is the most important
step, and it is characterized by the sequent general creep equation for the steady-

state strain

Bo" Q
= = - 3.19
3 Im exp( kBT) ( )

where B is a constant of the material, o is the applied stress at temperature T,
n is the stress exponent, () is the activation energy, d is the grain size and m its

tll

exponent, and kp is the Boltzmann constant'*. The n and m values are character-

istics of the creep mechanism, while the activation energy @ is an estimation of the

s =1.38-1072 JK!
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materials deformation resistance, higher the energy stronger the material.

The equation (3.19) has a stress-dependent part (power law) and a temperature-
dependent part (Arrhenius type law), so the n and @ values could be experimentally
calculated. The apparent stress exponent can be estimated from the stress depen-

dence of the strain rate at constant temperature

Olné
= 2
" (8ln0)T (3.20)

While the apparent activation energy can be estimated from the temperature

dependence of the strain rate at constant stress

Oln¢
Q= —kB(m)a (3.21)

the activation energy could be estimated per mole considering the relation be-

tween kp and R, the ideal gas constant!'?

. However the as calculated n and Q) values
are only apparent and usually overestimate the true values, which take into account
the temperature dependence of the stress. Of course, also the grain size exponent m
could be determined. Even if the creep equation is quite easy, in practice the creep
mechanism identification is very difficult because it depends on both the chemical
composition and the microstructure, moreover two or more mechanisms can occur
at the same time [177].

In Figure 3.37 and Figure 3.38 the creep tests performed on ZT12SPS1250 spec-
imen in air and in argon have been reported, respectively.

Comparing the data at the same experimental conditions (77 MPa at 1100 °C),
it is worth noting that in air the specimen exhibits a higher strain rate. This could
mean that the specimen microstructure is modified during the creep test by some
oxidation process. Really, the specimen that was initially black after the SPS pro-
duction, becomes white after the creep performed in air, while it does not change
color in argon. The whitening of the sample heated in air (or oxygen richer atmo-
sphere) is well known, e.g. the annealed polished specimens for the FE-SEM images
are totally white. Commonly, the creep behavior of zirconia it is not influenced
by oxidation process, unless a microstructural reconstruction is occurred, so, the
presence of Ta seems to affect the specimen microstructure. Another qualitative
observation is the specimen hardness after the test: the black sample is very hard,
while the white sample is very soft. Some hypotheses could be done about this
uncommon and unexpected behavior. Ceramic materials at high temperature are
usually employed, they have a critical oxidation behavior, which could be further

complicated when two or more phase are present. Each component has a different

2R - kpNa =8.314Jmol ' K! where N4 is the Avogadro’s number.
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Figure 3.37: Creep rate of ZT12SPS1250 in air.
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Figure 3.38: Creep rate of ZT12SPS1250 in argon.

behavior and the interface reaction must be considered. Other important factors are

the stability, the crystallization, the transformation or the formation of new phases

due to the element diffusion and the preferential oxidation [178|.
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As mentioned above, from the above creep curves, the n stress exponent could
be calculated. From the equation (3.20), n has been estimated as slope of the strain

rate-stress logarithmic linear plot, as proposed in Figure 3.39.
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Figure 3.39: Stress exponent plot of ZT12SPS1250 specimen in air and argon.

As clearly reported, the stress exponent has a different value if the mechanical
test is performed in air or in argon. In a reduced atmosphere n ~ 2, and different
hypotheses could be done about this result. For example, a diffusion creep with an
interface reaction control could take place [176, 179, 180]. In this mechanism the
grain boundaries act as sources and sinks!® for the vacancies and all the applied
stresses drive their diffusion along the grain boundaries. The energy is spent to add
or remove a vacancy from the grain boundaries and an interface reaction control
occurs, also spending a part of the applied stress. Usually the interface processes
are important for very fine-grained materials (with grain size below the micron)
or in multi-phase system [180]. The stress quadratic-dependence of the strain rate
can be correlated also at the Grain Boundary Sliding (GBS) creep. This type of
creep is grain-size sensitive and alters the grains shape, which can slide on each
other avoiding friction and the creation of big cavities. So, a small internal grain
deformation against very large strain is achieved, except at the grain boundaries.
The as called superplastic deformation takes place, which is the main reason of the
high temperatures failure for ceramics, caused by the formation of a glassy phase
into the grain boundaries [176].

In oxidative conditions, instead, n » 4 and a dislocation creep is possible. Dif-

13The source-sink dynamics is a theoretical model, developed by ecologists, used to describe how
the habitat quality variation affects the growth or the decline of the population.
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ferently from the previous case, it is grain-size insensitive and is held by climb and
glide of the defects, moreover a dynamic recrystallization and preferred orientations
can occur. In this case a climb controlled mechanism or dissolution of dislocation
loops could be possible.

From the equation (3.21), the activation energy could be calculated when the
strain rate is plotted logarithmically against 1/T. Here, @ per mole has been
achieved multiplying the slope of the linear fit by the ideal gas constant R. As
reported in Figure 3.40, a higher activation energy is obtained when the creep is in
argon, so in reduced atmosphere the material is stronger than in air, endorsing that

the specimen is harder during the test in argon.
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Figure 3.40: Activation energy plot of ZT12SPS1250 specimen in air and argon.

3.5 Mesoporous Zirconia Nanoparticles

3.5.1 Morphological characterization

The employment of a porous material as host specie depends principally on its
morphological properties, such as shape, surface area and size. This is equally
true in nanocarriers application field. As reported in Subsection 1.3.2 on page 15
the major problem for the zirconia porous nanomaterials is the low stability of its
porous network. So, too much stressed thermal treatment should be avoided. In
order to achieve zirconia NPs with a large surface area, avoiding any morphological
changes or aggregation phenomena, a heat vacuum extraction process to remove

the surfactant has been chosen. The n-alkyl primary amines boiling points study
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developed by Ralston et al. has been very useful to perform the complete vacuum
extraction of the template [181]. The crystallization causes the shrinkage of the
zirconia sample with a consequent surface area reduction. This process, also known
as glow phenomenon, has to be avoided [41, 102, 104, 105]. A Differential Scanning
Calorimetry (DSC) on the MZNs has been performed in order to confirm the negative
consequences of the calcination process, usually employed to remove the template.
Crystallization process and an abrupt decrement of the porosity are the main harmful
effects. In Figure 3.41a the exothermic peak around 300°C is visible both in the
as synthesized Z01 sample and in after the extraction process. This peak is related
to the amorphous-to-crystalline transition. The consequences of this exothermic
phenomenon is visible both in the XRPD patterns (Figure 3.43) and in the nitrogen
physisorption analysis reported in Figure 3.44b. In Figure 3.41b a direct comparison
between the Z01 sample as prepared and after the vacuum extraction has been
proposed. The major difference between the TGA curves concerns the mass loss
over 130 °C. This mass loss only in as synthesized MZNs is present, which still holds
hexadecylamine (HDA) inside the network [182]. Thanks to the extraction process,
the purified MZNs should have an amorphous and porous structure, since no phase

transition happens with the correlated and unwanted shrinkage phenomenon.
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Figure 3.41: Thermal analyses of MZNs (Z01) as prepared (red line) and after
extraction process (blue line).

In Figure 3.42 the Z01 sample the infrared (IR) spectra before and after the
vacuum extraction have been reported together with the HDA spectrum.

From the comparison between the spectra it is evident the amine presence into
the pore network before the extraction process. The most intense signals below
3000 cm™! are characteristic of the alkyl chains (stretching vibrations) of the surfac-
tant tails. After the extraction (blue spectrum) these vibrations disappear, under-
lining the good process efficiency. In the same spectrum a peak around 3700 cm™,
usually referred to the free hydroxyl groups is clearly visible. The presence of these

groups on the MZNs surface should be fundamental for a surface functionalization.
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Figure 3.42: DRIFT-IR spectra of hexadecylamine (HDA) and MZNs (Z01) before
and after vacuum extraction process.

In Figure 3.43 the Z01 sample patterns, taken as an example, before and after

a thermal treatment at 350°C have been proposed. This temperature has been

chosen to verify a possible phase transformation after the exothermic peak present

in Figure 3.41a.
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Figure 3.43: A representative XRPD pattern of the MZNs (Z01) after purification
process wvia vacuum extraction, and after heating at 350°C. The *-marked peaks
are related to monoclinic zirconia phase.

Before heating, two evident halos are visible around 30° and 55°, which are
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characteristics of an amorphous material pattern. No diffraction peaks have been
detectable in the whole diffraction range [183]. In the MZNs heated at 350 °C pattern,
the tetragonal zirconia reflections, with a slight amount of monoclinic phase (marked
with *), confirmed that a calcination process at around 350 °C could promote the
crystalline transition. The crystallization process, as already reported above in
Subsection 1.3.2 on page 15, causes a reorganization of the microstructure of the NPs.
When an amorphous material becomes crystalline, the volume decreases because of
the atomic arrangement gets more order. So, shrinkage of the whole network is
obtained, also with evident loss of specific surface area (see Figure 3.44b).

Figure 3.44 shows a representative nitrogen adsorption-desorption isotherm (sam-
ple Z01). All textural parameters (specific surface area, average pore size distribution

and specific pore volume) have been summarized from Table 3.17 to Table 3.22.
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Figure 3.44: Characteristic adsorption-desorption curves of MZNs (Z01) as syn-
thesized and before heating at 350 °C.

The isotherms of all the prepared samples displayed the type IV profile with a
H1 hysteresis loop (according to the IUPAC classification), typical of mesoporous
materials [184]. The samples show a specific surface area with values between 130 to
240m? g~!. The pore size distributions according to the BJH model applied on the
desorption branch of the isotherm are quite narrow. In Figure 3.44b the adsorption-
desorption curves of MZNs samples Z01 after heating at 350 °C has been proposed.
An evident change respect to the sample after vacuum extraction (Figure 3.44a) has
been found. The surface area decreases from 240m? g~ to 80m?g~! after heating.
An increment of the pore size should be attributed to the coalescence of the pores
inside the shrinking network, but also to the MZNs agglomeration during the heat-
ing. So, this distribution could be correlated to a new internal pore distribution
or it could be consequence of the space among the agglomerated NPs, as shown in

Figure 3.46b. In this way, the thermal heating have a double undesired effect: the
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loss of the surface area and the agglomeration of the NPs. The former limit the
guest species loading capacity, the latter gets worse the distribution and dispersion
properties of the NPs.

In Figure 3.45a a magnification of one MZN demonstrate the spherical shape
of the particles and also its rough surface, which is characteristic of porous NPs
with high surface area. In Figure 3.45b, instead, a population of MZNs with a
sharp size distribution has been reported. In this figure it is evident as the particles
are well dispersed on the plane and no agglomeration is visible. Figure 3.46a shows
another well-dispersed population of MZNs. After heating over the above-mentioned
amorphous-to-crystalline transition temperature (350 °C) the MZNs approach each

other forming agglomerates, as reported in Figure 3.46b.
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Figure 3.45: FE-SEM images of MZNs example samples.
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Figure 3.46: FE-SEM images of MZNs (Z01) before and after heating at 350 °C.

The Z01 sample has been taken as reference for all the investigations. The
relative concentration of the reagents is the principal variable of the synthesis. The

molar ratio proposed in Subsection 2.2.2 on page 25, has been the better for a
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homogenous growth of the MZNs, to best of our knowledge. Different alkali halides
(MX) and their concentration, surfactants and amount of water have been tested.
The FE-SEM images, reported from Figure 3.47 to Figure 3.52, show all the samples
prepared in order to propose an hypothetical synthesis mechanism.

First, the cation effect has been investigated, so different alkali chlorides (Li, Na,
K, Rb, Cs) have been tested. The data relative to these samples have been reported
in Table 3.17 and in Figure 3.47. All the systems present a well defined spherical
particles with a short range of size. The low polydispersion of the average diameter,
underline the optimal growth process of homogeneous MZNs. It is worth noting
that the specific surface areas have similar values around 200m?g=!. There are not
significant differences between the mean pore diameters considering the standard
deviation of the single values. The mean value is about 4nm. Talking about the

particles size, no apparent relationship between size and alkali chlorides is evident.

Table 3.17: Summary of MZNs alkali chlorides samples properties derived from
nitrogen isotherms and FE-SEM measurements.

Label MC1 BET surface Total pore BJH pore FE-SEM average
area (m®*g™!)  volume (cm®g™) diameter (nm) MZNs diameter (nm)

702 LiCl 190 0.25 5.3+2.0 620 + 30

Z01 NaCl 240 0.23 34+1.7 450 + 20

703 KCl1 230 0.22 3.6+1.8 400 + 30

704 RbCl 190 0.25 53+2.0 460 + 30

705 CsCl 220 0.23 3.8+2.0 700 + 70

SootSzm=1

& - A |
a. LiCl (Z02) b. NaCl (Z01) c. RbCl (Z04)

Figure 3.47: FE-SEM images of alkali chlorides MZNs series.

Secondly, the anion effect has also been explored testing different sodium halides
(F, Cl, Br, I). The data of these samples have been reported in Table 3.18 and
Figure 3.48. As in the previous case, the NPs present a well-defined spherical shape
with a narrow distribution of the diameter. The specific surface is slightly reduced,
because of the pore size increases.

Based on these experimental data, a discussion about the alkali halides effect has

been proposed. The use of the different inorganic salts produces zirconia NPs with
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Table 3.18: Summary of MZNs sodium halides samples properties derived from
nitrogen isotherms and FE-SEM measurements.

Label NaX BET surface Total pore BJH pore FE-SEM average
area (m®g™!)  volume (cm®g™) diameter (nm) MZNs diameter (nm)

706 NaF 150 0.26 6.4+2.0 290 + 20

701 NaCl 240 0.23 3.4+1.7 450 + 20

707 NaBr 130 0.20 6.1+24 670 £ 20

Z08 Nal 130 0.23 6.6£1.9 630 + 40

a. NaF (Z07) b. NaBr (Z08) c. Nal (Z09)

SpotSizm=1

Figure 3.48: FE-SEM images of sodium halides MZNs series.

regular shape and controlled size, as also reported in literature [99]. The principal role
of the salt is the surface stabilization of the MZNs. As known, alkali halides dissolve
completely in water as alkali cation (M™) and halogen anion (X~). These ions create
an Electrical Double Layer (EDL) on the surface of the particles, which are electro-
statically stabilized avoiding their coalescence. As reported in Table 3.19, the salts
have different solubility in water, which is ascribed to the ionic pair. These ions could
be organized into two groups based on its aqueous affinity and hydration capacity.
The more hydrated smaller ions (Li*, Na® and F~) are known as kosmotropes (k),
because they tend to organize the water molecules. They are also known as water
structure maker because of they reduce the water molecules mobility around them.
The larger ions (K*, Rb*, Cs*, CI7, Br™ and I") have the opposite character, so they
are known as chaotropes (c) and water structure breaker [185, 186]. It is evident
that four type of couples are possible (as evidence in Table 3.19): k*k™, ¢*c¢™, ¢"k~
and k*c¢™. The different size and water affinity of the single ions influence the
salts solubility. In particular, similar-size ions couples are less soluble as visible in
Table 3.19 [185].

Observing the MZNs size trend with the salt used (Figure 3.49), a similar path
between particles size and salt solubility is detectable. Despite the literature [105,
108, 109, 181], which reported a correlation among the size and the shape of the
particles with the ionic strength of the salts, these results show an evident relation

among the size and the alkali halides solubility. The MZNs diameter increases
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Table 3.19: Molar solubility in water of alkali halides. Ionic radii in angstrom
(A) have been reported in brackets. The four type of couple (k*k™:blue, ¢*¢ red,
c¢"k™:purple and k* ¢ :violet) have been evidenced.

MX F~ (1.33) Cl™ (1.81) Br (1.96) I (2.20)
Li* (0.74) 0.1 19.6 20.4 8.8
Na* (1.02) 1.0 6.2 8.8 11.9
K (1.38) 15.9 4.8 7.6 8.7
Rb* (1.49) 12.5 7.5 6.7 7.2
Cs* (1.70) 24.2 11.0 5.1 3.0

when a more soluble salt is used, meanwhile a lower solubility seems to promote
the formation of more particles nuclei, and a smaller final size. In particular less
soluble is the salt and smaller is the diameter. Assuming that in less soluble salts
the ion pairs are more bound, because the ion-ion interactions are stronger than
ion-water ones, a lower amount of water is necessary to dissolve the salt itself. The
remaining free water molecules are involved in the formation of particles germination
nuclei. So, at constant precursor quantity, more particles are formed with smaller
dimension. However, the EDL is thinner thanks to the stronger interaction cation-
anion, allowing a good particle separation. These assumptions can be reasonable
remembering that small and controlled amount of water is present in the synthesis

solution. It is considered as a reagent rather than as a solvent.
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Figure 3.49: Mean MZNs diameter course and alkali halides solubility.

Secondly, the type of couple should be considered. The smaller MZNs with NaF,
the less soluble k™ k™ salt, are achieved. Both the ions are water structure maker and
bind a little amount of molecules. The bigger particles with CsCl, well soluble and
c*¢” salt, are achieved because of a large amount of water is necessary for solubilize
the ions. For a mixed couple (¢*k~ and k*¢™), the dominant contribution should be
considered. For example, LiCl is more soluble and the particles size is big enough.

As reported in Figure 3.50, C1™ have a mild chaotropic effect respect to the strong
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kosmotropic effect of Li* [185]. In this figure the water mobility changes, caused by
the ions presence, have been visualized in terms of entropy variation (AS), calculated
from thermodynamic data. The entropy change has been plotted as a function of the
ionic radius and the values where AS = 0 (1.06 A for cation and 1.78 A for anion)
defines the ionic sizes that do not change the entropy of the neighboring water
molecules. The particles achieved with the sodium halides, except for NaCl, have
larger pore size. Taking in account the Figure 3.50, both Na* and CI~ do not affect
very much the entropy of the water molecules. Really, they are near the horizontal
axis, i.e. where entropy is zero. The anion influences more the neighborhood water
mobility. Alkyl amines are bases, which in water forms ammonium cation, while
halides act as its counterions. A modification of the micelle size could be reached
because of the interaction among anion, water and amine. The bigger chaotropes
anions, Br™ and 1™, have a steric hindrance that could enlarge the distance between
the ammonium heads. The smaller F~, instead has a great kosmotropic effect on

the water molecules causing a similar hindrance among the surfactant heads.
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Figure 3.50: The entropy of water near an ion minus the entropy of pure water.

Another important variable is the NaCl quantity present in the solution. The
data of these samples have been reported in Table 3.20 and Figure 3.51. The number
of ions present in solution has a great importance in order to stabilize the micelles and

the particles size. Different ionic concentration means different ionic strength'. The

The ionic strength u of a solution is determined by the equation

J A
p=g > iz (3.22)
i-1

where ¢; is the molar concentration and z; is the charge of the i-th ion specie.
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ionic strength depends to the concentration and the charge of the ions in solution.
The alkali halides are formed by monovalent ions and, in all the previous samples,
the molarity is constant, so particles size does not depend by this parameter. But,
when the amount of the same salt is reduced, the mean diameter increases, as visible
in Figure 3.51. Actually, lower is the ionic strength larger is the size, this is probably
due to the greater number of water molecules bind into the EDL, which is thicker.
When the ion concentration is too high, not homogenous growth is possible, as

already reported in literature [109].

Table 3.20: Summary of MZNs with different amount of NaCl 0.1 M samples prop-
erties derived from nitrogen isotherms and FE-SEM measurements. The volume
ratio has been considered respect to the best ratio (1:1).

Label ZP:NaCl BET surface Total pore BJH pore FE-SEM average
ratio area (m?g™') volume (cm®g™') diameter (nm) MZNs diameter (nm)

710 2:1 110 0.18 6.4+4.1 590 £ 50

701 1:1 240 0.23 3.4+1.7 450 + 20

711 1:2 190 0.25 49+3.9 n.a.

a. 2:1 (Z10) b. 1:1 (Z01) c. 1:2 (Z11)

Figure 3.51: FE-SEM images of MZNs with different volume ratio ZP:NaCl (0.1 M).

Water amount has also been changed, the relative data of these samples have
been reported in Table 3.21 and Figure 3.52. Water has several role in the synthesis:
a) creates nucleation germs, b) it is necessary for hydrolysis reaction and c) solubilize
the alkali halides salts. A low amount of water, determines a slowing down of the
kinetic reaction, increasing the induction time. Moreover larger MZNs grow as
demonstrate in the synthesis of sample Z12, where no extra amount of water is
added. In this case a mean diameter of 850 nm is obtained, and 800 nm when half
amount of water is added. With double water amount, actually, heterogeneous
particles rise because of the hydrolysis kinetic is too fast for a controlled growth.
The materials are also microporous because of a different micelle conformation. The
lower limit of the BJH method is about 1.7 nm, so the data of these samples are not

very reliable.
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a. 2:1 (Z13) b. 1:1 (Z01) c. 1:2 (Z14)

Figure 3.52: FE-SEM images of MZNs with different volume ratio ZP:H,O.

Table 3.21: Summary of MZNs with different amount of water samples properties
derived from nitrogen isotherms and FE-SEM measurements. The volume ratio has
been considered respect to the best ratio (1:1).

Label ZP:H,O BET surface Total pore BJH pore FE-SEM average
ratio area (m?g™') volume (cm®g™') diameter (nm) MZNs diameter (nm)

712 1:0 290 0.17 2.0+1.97 850 + 40

713 2:1 300 0.17 1.8+ 1.5" 800 + 60

701 1:1 240 0.23 3.4+1.7 450 + 20

714 1:2 350 0.22 2.0+1.97 n.a.

A different amine surfactant (octadecylamine) has also been tested in order to
verify its role on the pore dimension. As reported in Table 3.22 and in Figure 3.53,
the use of this surfactant produces a larger pore size with a narrow distribution of
the diameter. Differently from the previous case, the pore swelling effect is caused
by the longer alkyl chain of the amine. Longer the hydrophobic chain, bigger the
micelle diameter. Larger pore size means also a reduced surface area. Finally, the
MZNs diameter is also higher.

EHT=15.00kV Signal A= InLens Apetture Size =30.00 m EHT =10.00kV Signal A= InLens Aperture Size = 30.00 um
WD = 1.6 mm Mag = 125.00 KX ‘Sem = Sigma VP H WD = 1.9mm Mag= 4990 KX ‘Sem = Sigma VP

a. HDA (Z01) b. ODA (Z09)

Figure 3.53: FE-SEM images of surfactant MZNs series.
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Table 3.22: Summary of MZNs with different surfactant samples properties derived
from nitrogen isotherms and FE-SEM measurements.

Label Amine  BET surface Total pore BJH pore FE-SEM average
area (m®g™!)  volume (cm®g™) diameter (nm) MZNs diameter (nm)

701 HDA 240 0.23 3.4+1.7 450 + 20

709 ODA 140 0.24 6.5+1.8 620 + 50

3.5.2 Biological tests
Cytototoxicy

Until now, the possible theranostic use of MZNs must be evaluated and no study
about their application as biocompatible delivery system has been reported. To
evaluate if the new synthesized MZNs could be a promised nanomaterial in medicine,
the MZNs biocompatibility in two cancer cell lines has been tested. The Hela cells,
which represent an established model for subcellular localization studies, and the
MDA-MB-231 cells, which is an aggressive breast cancer cell line used both for in
vitro and in vivo studies, have been chosen to test the new Drug Delivery System
(DDS) loaded with doxorubicin (DOX) efficiency. Z06 sample has been chosen as the
more suitable MZNs for DDS, because of its smaller size. The results about the cells

treated for 96 hours at different concentration have been reported in Figure 3.54.

250

I HELA
I B MDA-MB-231

200

50 +

N Q Q Q Q (s} (o) N} \o)

MZNs concentration (ug/ml)

Figure 3.54: In vitro cell viability assay. No significant differences between MZNs
treated and untreated cells have been found, even at the higher concentration tested.

As shown in Figure 3.54, the MZNs are not toxic up to 4mgml~! in both the
tested cell lines. Comparing separately the counts of the two different cell lines, no

significant differences between the treated and untreated (Control columns) samples
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is found within the experimental errors.

In order to demonstrate that the NPs capacity to cross the plasma membrane,
the cell internalization assay has been conducted. Cells are treated for 2 hours
with fluorescent dye loaded MZNs (see Subsection 2.2.2 on page 26). Confocal
microscopy analysis, proposed in Figure 3.55, show that MZNs are distributed inside
the cytoplasm (red marked) but are excluded from the nucleus (green marked), as
can be verified for other DDS [187].

Figure 3.55: Confocal microscope image of MDA-MB-231 cells treated for 2 hours
with MZNs (Z06). Scale bar 10 pm.

In vivo biodistribution

As possible new inorganic carrier, MZNs have been characterized in vivo in mice.
Fluorescent MZNs have been injected intravenously in two mice and the relative
biodistribution has been imaged using an IVIS instrument (Figure 3.56). In vivo
biodistribution experiment is a proof of concept aimed to assess how MZNs behaved
once injected. Due to ethical reasons, and since preliminary results have been com-
parable with existing literature on silica nanoparticles, no further mice have been
sacrificed.

In Figure 3.56, the images of the mice different organs have been reported sep-
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muscle

Figure 3.56: In vivo biodistribution of MZNs in mice organs. Fluorescence inten-
sity: red (low intensity) yellow (high intensity).

arately. The fluorescence intensity increases from red to yellow. As clearly visible,
the MZNs are accumulated principally in the liver and spleen and barely evident in
the lungs. A similar behavior in other DDS with analogous size is verified in litera-
ture [188]. Another important aspect is the long period observation of the mice, it is
worth noting that one month after the injection they do not show any visible signs

of toxicity.

Biodegradation

The previous experimental evidences underline that the MZNs are not cytotoxic. A
biodegradation test in order to estimate if the MZNs could be degraded when laid
for long time into biological fluids has been conducted.

In Figure 3.57 a statistical estimation of the MZNs (Z06) diameter reduction
during the test has been proposed. The error bars show the 95% confidence interval

of the mean diameter®®.

15The range of values around the mean value that will in theory include the population statistic
for roughly 95% of all samples drawn.
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Figure 3.57: MZNs mean diameters estimation during the biodegradation test at
different incubation time.

As reported in Figure 3.57, MZNs are stable during the first two weeks of incu-
bation, no statistically significant decrement of the diameter is appreciable from the
first column (0 days) until the forth one (15 days). Significant differences (the data
marked with *), can be measured over one month of incubation. For the last two
data, a p-value less than one percent (p < 0.01) is found, i.e. there is a very low prob-
ability that the diameter value (both at 30 and 60 days) is casually different from
the initial value. Finally, after two months, an estimation of the diameter reduction
more than 7.0%, roughly corresponding to 22% of total volume, is obtained. These
data show, once again, the suitability of this zirconia system both for in vitro and
in vivo studies aiming to the development of a possible nanomedicine carrier. Even
if the degradation time is longer than the typical data reported for MSNs carrier,
some advantages for specific applications, such as bone-directed drug delivery, could
be obtained.

Drug loading and release

In order to analyze the MZNs ability to load therapeutic molecules, such as drugs,
doxorubicin (DOX) as a probe to test their loading capacity and efficiency has been
used. A comparison between other silica carrier examples, which load the same drug,
has been proposed in Table 3.23.

Results reported in Table 3.23, show that MZNs can take up to 9.0% of their
weight in DOX. This value is a little bit lower than the loading efficiencies found in

analogous MSNs systems. This is only due to the intrinsic chemical-physical proper-
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Table 3.23: Physical properties and DOX loading efficiencies of different inorganic
carrier.

Sample NP size Surface Total pore Pore size Loading Ref.
(nm) area (m®*g™")  volume (cm®g™) (nm) efficiency (%)
MSN 100 751 0.42 2.2 10.0 [189]
mMSN® 100 495 0.44 2.4 5.8 [190]
MSN-NH, 105 390 0.90 2.7 34.0 [191]
hMSN® 120 962 1.07 2.7 18.4 [192]
MSN 360 n.a. 0.15 n.a. 21.2 193]
MZN (Z06) 290 153 0.26 6.4 9.0 [112]

# surface modified nanoparticles
" hollow MSNs

ties of zirconia, which ensure that the resulting MZNs have a lower pore volume and
specific superficial area compared to MSNs. The drug loading efficiency has been
calculated with the equation (2.1) at page 27. The relatively high loading capacity
of MZNs is probably due to the large pores, which allow an easy encapsulation of
the DOX into the NPs. Drug loading leans on different morphological elements,
such as surface area, total pore volume and surface charge, and depends by different
mechanisms (hydrogen bonding, ionic interactions and dipole interactions) [194]. If
the inner pore volume is accessible by the drug, usually the surface area is one of
the most important parameters, since guest molecules can be trapped and interact
with the carrier [195]. MZNs have a lower surface area compared to the MSNs coun-
terparts, so a lower loading capacity is intrinsically obtained. Moreover, zirconia
bulk density (5.8 gcm™) is almost double than silica (2.2 gcem™). If the geometrical
shape of the particles is the same, for an equal weight of particles, MZNs will have
roughly the half of the available surface. Hence the intrinsic physical properties of
the zirconia system give a lower pore volume and a specific superficial area compared
to silica one.

The as loaded MZNs have also been tested for drug release process. In Table 3.24
the drug release after 24 h at different pH values has been reported.

Table 3.24: Doxorubicin release at different pHs after 24 h.

pH DOX released (%)
4.0 7.8+3.7
5.5 13.3+3.1
7.0 16.2+2.9
8.5 27.1+0.7

Preliminary tests, carry out at different pHs, show a good retention till pH 4.0,
while drug is released at higher pHs, as reported in Table 3.24. This behavior is quite

different from the data usually reported in literature about MSNs system, which
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exhibit little or absent release at neutral pH and a good release in acid environments
[191]. Therefore MZNs could be considered a valid alternative as drug delivery carrier
in those situations where MSNs are lesser efficient or show a low release. Therefore
MZNs could be considered a valid drug delivery carrier in all the situations where
the zirconia specific properties are required. For example, considering the well-
established availability of bulk zirconia in bone implants or in porous scaffolds for
bone tissue engineering, MZNs could be chosen as good candidate for bone-directed
drug delivery. Moreover, their confirmed stability could be useful in the long-term

release applications.
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Chapter 4

Conclusions

4.1 Project final remarks

The present thesis investigated some aspect of the wide research field of the zirconia-
based materials. The project has been divided into two parts that analyze different
features of the zirconia engineering materials and their possible structural and func-
tional applications.

The study of the zirconia polymorphism has been divided into three sections
depending on the chosen aliovalent doping cations (Y3*, Eu®" and Ta’"). From
the hydroxide co-precipitation process five series of zirconia doped and co-doped
samples have been prepared, named ZY, ZYE, ZE, ZYET and ZT (Z: Zirconium,
Y: Yttrium, E: Europium and T: Tantalum).

The first section dealt with the analysis of the well-known zirconia Y-doped
system using the Cathodoluminescence (CL) technique. From the data, a clear cor-
relation between the CL spectra morphology and the quantitative XRPD analyses
has been obtained. A phenomenological equation has been written for the quanti-
tative estimation of the zirconia phases. Another central point has been the role of
not-stoichiometric oxygen in the zirconia physicochemical behavior. Since the com-
pound electroneutrality must be preserved, two oxygen vacancies should be formed
every Y3* cation. The CL intensity has been correlated to the Y3* content: higher
the second, smaller the first. Indeed, the intrinsic vacancies are the most efficient
defects and the presence of dopant fell down the CL intensity, progressively. The
overall intensity has been correlated to the annihilation of the intrinsic vacancies
rather than to the increment of vacancies related to the dopant.

In the second section, in two series (ZE and ZYE) of zirconia stabilized with
trivalent cations (Y?* and Eu®"), has been analyzed the tetragonal-to-monoclinic
transition (¢t - m) with Photoluminescence (PL) technique, and compared with the

Rietveld refinements results. The validity of a fast and easy investigation of the
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martensitic transformation in zirconia ceramics, via luminescence method, has been
demonstrated. The metastable tetragonal phase is destabilized progressively by ex-
ternal uniaxial stress, which has induced the ¢ - m transition. A clear correlation
between XRPD quantitative analyses and PL spectra has been found and the mon-
oclinic content has been monitored by the emission spectrum of Eu-doped zirconia.
The ratio between the area of the Electric Dipole and the Magnetic Dipole transi-
tions, gave a first qualitative information about the monoclinic content. Further-
more, a quantitative evaluation has been determined thanks to a linear combination
of two pure phases reference spectra (one for monoclinic and one for tetragonal)
used for the fit of the experimental spectrum. The more precise quantitative data
obtained by the Rietveld refinement, has been compared with the easier and faster
luminescence results. As expected, a linear correlation between the monoclinic con-
tent and the ratio between the integrated area of the "Fy Eu®" transition (613 nm)
and the total intensity of the hypersensitive transition (600-620 nm) has been found.
This good results can open the possibility to monitoring in situ the degradation
degree of zirconia stabilized materials (e.g. in great mechanical components), avoid-
ing to disassemble the pieces and overcoming the difficulties of analyzing them into
scientific laboratories with XRD or Raman spectroscopy techniques. Obviously, the
presence of a little amount of europium into the materials would be mandatory
for the use of this innovative forensic analysis. Another advantage would be the re-
stricted range of spectrum necessary for the test, e.¢g. with an appropriate band-pass
optical filter.

In the third section, the oxygen vacancies annihilation inside the zirconia tetrag-
onal stabilized materials has been investigated. If trivalent cations (Y (III) and
Eu(III)) introduced oxygen vacancies in order to preserve the electroneutrality, the
presence of pentavalent cations (Ta(V)) should drive to the opposite effect. A charge
compensation has been obtained in a co-doped samples (ZYET series). As expected,
a progressive destabilization of the metastable tetragonal phase is achieved increas-
ing the tantalum content. Unlike the previous case, where the external stress in-
duced the ¢t — m transition, here the reduction of the oxygen vacancies produced
a less-stabilized tetragonal zirconia. In particular, at high Ta content, the study
evidenced the formation of an unexpected crystalline phase, tetragonal, or of quite
similar structure. This novelty focused the attention on the study of single Ta-doped
zirconia materials in order to understand the pentavalent cation role into the lattice.

A zirconia Ta-doped powders (ZT series) have been prepared in order to under-
stand the pentavalent cation behavior into the zirconia lattice. A systematic study of
the XRPD patterns has been performed, supported also by a computational method.
Two approaches have been adopted: the first approach considered simply the use

of the Rietveld analysis, while the second one utilized the more complex direct
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space method followed by a Rietveld analysis. Both of them found almost identical
structures. By the first method an orthorhombic cell (Pca2;), already reported in
literature for other zirconia compositions has been found. A distorted monoclinic cell
(C2/c) with the parameters almost identical to the above-mentioned orthorhombic
cell have been determined with the second method. From a crystallographic analy-
sis of the parameters and the atomic positions, the two cells almost totally overlap.
Since the XRPD analysis does not distinguish between the two structures and to
avoid any ambiguity it has been decided to christen this new phase as PN phase. The
three most significant samples ZT3, ZT5 and ZT8, have been investigated also by in
situ synchrotron radiation XRPD measurements, from 100 °C to 1000 °C and during
the subsequent cooling, in order to follow the thermal evolution of the crystalline
phases. The presence of the PN phase, have been confirmed as stable polymorph
until 1000 °C. From the Rietveld refinement of the patterns, a first estimation of the
Coefficient of Thermal Expansion (CTE) of the PN phase has also been possible.
An average value of CTE higher than the monoclinic zirconia has been found, so it
should be possible use as Thermal Barrier Coating (TBC) application. A Raman
study has also been performed for all the samples in order to strength the XRPD
results, confirming that an uncommon zirconia structure has been isolated.

Finally, the most interesting ZT samples have been used for the production of
full-dense sintered materials via Spark Plasma Sintering (SPS) technique. In order
to achieve higher density it has been used an the operating temperature higher than
1000°C, and two series at 1150°C (SPS1150) and 1250°C (SPS1250) have been
prepared. From the WAXS patterns of the bulk specimens shown a different phase
composition respect to the calcined powders. Generally, the doping amount was too
low for a complete single-phase stabilization. The polished and annealed surfaces of
the specimens have been investigated by FE-SEM, with BSE and SE mode, in order
to evidence the composition and the grain structure of the specimens. A double
phase composition, strong correlated to the grains structure has been verified. From
the EDS analyses, very interesting results have been obtained. In particular it has
been possible to verify that the two phases had a constant composition, one poor in
tantalum and the other with a fixed content around ~16 mol% of Ta related to the
PN phase. Mechanical tests have also been performed on some SPS specimens. An
interesting behavior of the elastic modulus has been found, supporting the already
reported data on the PN phase composition and the mechanical performance.

The second part of the project proposed a facile and versatile method for the
production of Mesoporous Zirconia Nanoparticle (MZN). Different techniques and
approaches had been tested to obtain the final process presented in the thesis. The
template sol-gel synthesis with neutral surfactant produced a mesoporous network

materials, while the alkali halides acted as size and shape controller. A hydrothermal
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step has also been chosen to obtain spherical zirconia NPs. The purification process
with a vacuum extraction instead of calcination step has been chosen to avoid the
loss of specific area, caused by the crystallization. All the main parameters have been
investigated and a particular correlation between the salts solubility and the average
particle sizes has been found. Thanks to the good results, has been investigated a
possible use as versatile and theranostic nanosystem for diseases effective treatment.
Biological tests, such as biocompatibility, biodistribution and biodegradation of the
system have been tested. The MZNs resulted not cytotoxic and shown a long-period
degradation. Thanks to the high surface area, the drug loading and the successive
release of doxorubicin have been explored with interesting results. The release at
different pH shown a good profile release in basic environments. All the results
shown as these NPs could be used as inorganic carrier interesting alternative to

silica systems.

4.2 Future perspectives

The global study of the aliovalent cations doped zirconia polymorphs is far from
being exhaustive. Literature is still full of open questions and quite incomplete
works. The thesis results, although encouraging, evidenced some of the future theo-
retical and technological problems to solve. The Ta-doped zirconia system has been
the most interesting among those studied. The possibility to stabilize a new phase
with a specific composition (~16mol% Ta) must to be verified and the space group
identified. The computational simulations of crystal structure and Raman modes,
starting from the first-principles, should be useful instruments. A complete and
deeper investigation of the mechanical properties, also for a single-phase specimen,
should be performed in order to verify the real possible engineering development of
the materials.

The already published (10" August 2015) MZNs process, are currently under
patent pending evaluation (patent request number PD2015A000015) since 28t Jan-
uary 2015. The next step to improve the loading efficiency consists into the modifi-
cation of the chemical properties of MZNs surface, adding functional groups such as
-NH,, ~COOH or -SH. The zirconium chemistry is different from the silicon one
and, at the moment, no suitable precursors are available. Preliminary studies with
modified silanes (APTES, CEST) seem to functionalize the zirconia surface, but the
mechanism of grafting is still under investigation. The final and far goal concerns
the investigation of the adaptability of MZNs to other drugs or imaging agents in
order to realize a real personalized therapy. In addition, the physical and chemical
properties improvement has to be considered as the starting point for the creation

of a smart, easy and cheap theranostic nanosystem platform.
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