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Abstract

This thesis focuses on advanced oxide ceramics and particle and laminate composites. The materials
studied include bioceramic hydroxyapatite, thermomiotic aluminium tungstate, and lead-free barium
titanate-based piezoelectrics. These ceramics suffer from several limitations in their processing and
properties, including the use of toxic stabilisers, low densification, susceptibility to cracking, undesirable
chemical reactions, and poor mechanical and electrical performance. This work addresses these issues
by tailoring individual processing steps and employing novel fabrication and treatment methods to optimise
the desired performance of the materials. Plasma treatment of hydroxyapatite powder allowed
electrophoretic deposition without toxic stabilisers, resulting in denser and crack-free coatings, as was also
showcased on orthopaedic screws. Thermomiotic aluminium tungstate, known for its near-zero coefficient
of thermal expansion, was synthesised by optimised co-precipitation to produce a powder with improved
sinterability. Rapid pressure-less sintering and spark plasma sintering were used to densify the material
to the highest density at the lowest temperature to date. The microstructural evolution of barium titanate
piezoceramics was studied using rapid pressure-less sintering and radiation-assisted sintering. The gained
knowledge was used to sinter barium titanate-based particle composites with reinforcing tougher oxide
ceramics. High reactivity between selected materials had a negative influence on the properties
of the composites, and one of the reaction products was characterised in greater detail. Laminated
composites were prepared by alternating barium titanate-based and dielectric zirconia layers. The high
reactivity of piezoelectric materials was inhibited by the sintering strategy. In summary, this dissertation
thesis aims to improve the understanding of ceramic material properties and processing techniques, provide

insight into performance optimisation, and address critical limitations across diverse applications.
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Abstrakt

Tato dizerta¢ni prace se zaméfuje na pokrocilou oxidovou keramiku a ¢asticové a vrstevnaté kompozity.
Studované materialy zahrnuji biokeramicky hydroxyapatit, termomioticky wolframan hlinity a bezolovnaté
piezoelektrické materialy na bazi titaniCitanu barnatého. Piiprava téchto keramik mé né&kolik omezeni
ovliviwujici finalni vlastnosti, zahrnujici pouziti toxickych stabilizatort, nizké zhutnéni, nachylnost
k praskani, vznik nezadoucich chemickych reakci, nizké mechanické a elektrické vlastnosti. Tato prace fesi
tyto problémy ptizptisobenim jednotlivych krokd zpracovani a pouzitim progresivnich vyrobnich metod
pro optimalizaci pozadovanych funkénich vlastnosti materiali. Uprava hydroxyapatitového prasku
studenou plazmou umoznila elektroforetickou depozici bez toxickych stabilizatort, coz vedlo k hutng&j$im
povlakim bez trhlin. Prakticky benefit tohoto pfistupu byl demonstrovan v ptipadé bezdefektnich
hydroxyapatitovych povlaki ortopedickych S$roubt. Termomioticky wolframan hlinity, vyznacujici
se svym témét nulovym koeficientem tepelné roztaznosti, byl syntetizovan optimalizovanou koprecipitaci
za Gc¢elem zlepseni slinovatelnosti prasku. Rychlé beztlaké slinovani a slinovani plazmovou jiskrou byly
pouzity ke zhutnéni materialu, pii¢emz bylo dosazeno dosud nejvyssich publikovanych hodnot hustot pfi
nejniz§i slinovaci teploté. Vyvoj mikrostruktury piezokeramiky titani¢itanu barnatého byl studovan pomoci
rychlého beztlakého slinovani a slinovani s pomoci radiace. Ziskané poznatky byly vyuzity pro slinovani
Casticovych kompoziti na bazi titaniitanu barnatého vyztuZzeného oxidovymi keramikami. Vysoka
reaktivita mezi zvolenymi materialy méla negativni vliv na vlastnosti kompozitii a jeden z reak¢nich
produkt byl podrobnéji charakterizovan. Byly pfipraveny vrstvené kompozity stiidanim vrstev na bazi
titani¢itanu barnatého a dielektrického oxidu zirkonicitého. Vysoka reaktivita piezoelektrickych materialt
byla potlacena volbou slinovaci strategie. Souhrnnym cilem této disertaéni prace je posunout védéni
v oblasti vlastnosti a zpracovani keramickych materialti, poskytnout nahled na optimalizaci funk¢énosti

a tesit kriticka omezeni v riznych aplikacich.
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1 Introduction

Advanced ceramic materials are attracting the attention of industry and research due to their unique
properties. They possess qualities such as high durability, chemical stability, biocompatibility, or intriguing
mechanical, thermal, optical, and electrical properties, and are increasingly used for high-tech applications
[1,2]. Their properties and subsequent performance are closely related to the processing and microstructure.
In recent decades, the design of optimised materials has followed the three-link chain of the central
paradigm, linking processing to microstructure, microstructure to properties, and finally, properties
to performance. Top-down thinking is increasingly used, and modern advanced materials are designed with
specific properties and performance in mind [3].

The processing of the material forms the basis for all its properties, and processing optimisation can
occur at any stage of the manufacturing of advanced ceramic materials: powder synthesis, powder
consolidation, or heat treatment [4]. Improvements in powder synthesis using chemical and vapour-phase
methods allow the production of ceramic nanopowders with controlled particle size distribution, phase
composition, and high purity [1]. Powder functionalisation can change the powder morphology [5],
the particle size [1], and the surface state of the particles [6]. Finally, heat treatment offers many possible
optimisations, such as sintering temperature, heating rate, applied pressure, and sintering atmosphere [1,7].

In addition to processing optimisations, the final performance of advanced ceramic materials can
be influenced by changes in their composition. Additional phases can significantly affect the properties
of the material. The resulting ceramic composite can be either fibre/whisker reinforced [8,9], laminated
[10], or particle [11] type. Fibre composites can help to improve mechanical properties mostly through fibre
pulling and laminated composites through crack deflection and internal compressive stresses [8,10].
The addition of a secondary phase in the form of particles to the ceramic matrix can lead to chemical
reactions and the formation of new phases [12], the introduction of beneficial internal compressive stresses
[13], or the pinning effect [11], and subsequent grain size optimisation and improvement in mechanical

and electrical performance.

This work focuses on advanced single-phase and composite oxide ceramic materials: bioceramics,
thermomiotics, and lead-free electroceramics. Optimisations involving powder synthesis
and functionalisation, consolidation, phase composition tailoring, and advanced heat treatment techniques
are implemented and thoroughly investigated. The resulting structures are analysed, and materials

are optimised for performance in advanced applications.
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2 Current state of the studied topic

2.1 Advanced ceramic materials

Advanced ceramic materials fabricated from pure precursors are crucial compounds in every aspect
of modern society. Their industrial and research applications range from automotive, energy, electronics,
construction, space, robotics, medical, and many more [1,2]. Compared to other material groups,
e.g., plastics or metals, they offer intriguing properties, such as high hardness, compressive strength,
bioinertness, biocompatibility, bioresorbability, ferroelectricity, pyroelectricity, piezoelectricity,
semiconductivity, luminescence, thermomiotic behaviour, and chemical inertness [1]. This work considers
three groups of materials: bioceramic calcium phosphates, thermomiotic aluminium tungstates,

and lead-free electroceramics based on barium titanate.

2.1.1 Single-phase oxide ceramics
Bioceramics

Calcium phosphates are composed of calcium cations and phosphate anions and form a major inorganic
compound in human bones [14]. For this reason, synthetic calcium phosphates have been widely-studied
for clinical use as scaffolds, coatings, and implants [15-17].

One of the most important bioceramics, hydroxyapatite (HA), has a Ca/P ratio similar to human calcified
tissue (1.67) [18]. HA is mostly used as a coating because its hardness and brittleness prevent it from being
used in high-load applications [19,20]. Coatings on metallic implants have been shown to improve fixation,
biocompatibility, and bioactivity [14], but proper selection of the processing method is necessary

concerning the final biomedical application of the product.
Thermomiotics

Advanced ceramic materials with thermomiotic behaviour, i.e., possessing negative, near-zero,
or low-positive coefficient of thermal expansion (CTE), have been investigated for their potential use
in improved thermal shock-resistant components [21-23]. The orthorhombic A>2M3O1, family of ceramics
is characterised by trivalent cations A (AI** to Dy*" ionic radius), M (W®" or Mo®"), and oxygen. During
heating, transverse vibration of the bridging oxygen atom in an A-O-M unit decreases the A-O-M angle,

which reduces the A—M non-bonding distance and can manifest macroscopically as thermomiotic behaviour



[24-26]. However, due to their anisotropic CTE, A2M301, ceramics are prone to microcracking in sintered
bodies [27]. In the case of Al.W3Oi,, difficulties in obtaining a homogeneous, dense, and fine
microcrack-free microstructure affect the mechanical properties, and the tensile strength can drop to less
than 10 MPa [21]. In conclusion, processing optimisations are required to overcome these challenges.

Lead-free electroceramics

Electroceramic materials are used to manufacture multilayer ceramic capacitors, piezoelectric actuators,
sensors, transducers, harvesters, etc., thanks to their dielectric, ferroelectric, and piezoelectric properties
[1]. One of the most widely used and studied materials is lead zirconium titanate. Discovered in the 1950s
[28,29], this perovskite compound has a higher piezoelectric response and operating temperature than
the oldest ferroelectric oxide in use—barium titanate [30]—but the presence of lead in the structure is fatal
to its nowadays applications. Lead is hazardous to health and the environment, and since the adoption
of a directive on the use of hazardous substances by the European Parliament [29,31,32], more research has
focused on lead-free alternatives.

Barium titanate, BaTiOs, the first ferroelectric oxide discovered during the Second World War, is still
widely used in electronics applications thanks to its dielectric, ferroelectric, and piezoelectric properties
[33]. These are due to its perovskite ABO; structure and tetragonal crystal lattice (P4mm), which is stable
at room temperature. Ba?* cations occupy the A-site in the corners of the lattice, and smaller Ti** cation
occupies the B-site in the central octahedron (see Fig. 1). The tetragonal distortion of the cell is caused
by a deflection of Ti** from the centre of the octahedron. The distortion leads to an intrinsic polarisation

of the cell and transforms into the macroscopic piezoelectric properties of the material [1].



a) Cubic b)  Tetragonal
a=b=c a=b+*c

Fig. 1 Cubic and tetragonal BaTiOs crystal cell with the indicated direction of the intrinsic polarisation
Ps[34].

The tetragonal phase transitions to orthorhombic near 0 °C and then to rhombohedral around
—90 °C [35,36]. However, above the Curie temperature Tc (~120 °C), the cubic phase becomes stable,
and the piezoelectric properties deteriorate [31,37]. In addition, the non-perovskite hexagonal structural

polymorph of barium titanate exhibits ferroelectric behaviour below — 199 °C [38].

However, BaTiOs is not an ideal electroceramic material—the highest dielectric performance is reported
at a small temperature interval close to Tc¢ [35,36], and properties strongly depend on purity [35] and grain
size [39-41]. Therefore, microstructural tailoring of pure BaTiO3 and doping with cations occupying both

A-site (Ca) and B-site (Zr, Sn) are often used to improve its performance [42,43].

(Ba, Ca)(Zr, Ti)Os (BCZT), the most often used in BaossCao.1sZro.aTiosOs composition [42,44,45]
but also reported in different stoichiometries [46-49], is a well-studied modification of barium titanate that
brings several advantages. The tetragonal-orthorhombic phase transition is shifted to ~30 °C [50], resulting
in the co-existence of multiple phases at room temperature. The rhombohedral phase is also frequently
detected, and the rhombohedral-orthorhombic-tetragonal morphotropic phase boundary can lead to higher
electromechanical properties [47,49]. At the macroscopic level, a higher piezoelectric coefficient ds; than
BaTiOs has been obtained [35].



2.1.2 Multi-phase oxide ceramics

Single-phase ceramics often have disadvantageous properties in crucial aspects such as inferior
mechanical properties (especially brittleness), electrical properties and sintering behaviour, to name a few
[1,35]. For this reason, ceramic composites offer an interesting opportunity to optimise performance
by combining several materials with complementary properties. For example, adding a secondary phase

in the form of particles or layers can improve the composite’s toughness [10,11].
Particle composites

Particle composites, in general, use two or more phases with dispersed particles of various sizes
to achieve the desired optimisation [11]. Combining piezoelectric BaTiOs with more mechanically durable
dielectrics such as Al20s and ZrO; can significantly improve mechanical performance. BaTiOs/Al203
composites have been extensively investigated, resulting in enhanced fatigue strength [51], Knoop
hardness, Young’s modulus [52], and fracture toughness [53,54]. Similarly, adding ZrO;
to the microstructure improved properties such as higher density, relative permittivity, and reduced grain
growth and dielectric loss [55,56].

Laminated composites

Laminated composites use alternating layers of two or more materials to enhance mechanical properties
through mechanisms such as crack deflection and internal compressive stresses [10]. Therefore, laminates
are a potential solution to the brittleness problem of piezoceramics, which limits their use. An inseparable
multi-layer ceramic composite harvester has recently been proposed using BaTiOs with Al,O3 and ZrO;
[13]. It was demonstrated in the theoretical model that internal compressive stresses arising from
the laminated structure can protect the brittle BaTiOs piezoceramic layers. Additional internal stresses
in the BaTiOs layers can further improve the electromechanical performance. However, the main issue with
the aforementioned laminated composite is the behaviour of the layers during the heat treatment. It has been
shown that BaTiOs starts to shrink ~100 °C earlier than Al2Osand ZrO- [13], and this discrepancy can lead

to delamination and cracking of the layers [12,13], making sintering optimisations necessary.



The high reactivity of barium titanate-based systems is a challenge for fabricating the aforementioned
composites. The formation of additional phases such as BaTiAlsO12, BaAl;04, BasTioAl2040, BaAl132020s,
and BaZrOs has been confirmed in the literature [12,51,52,54,57-59]. The chemical composition
of the Al20s/BaTiOs interface indicated the presence of a thick interlayer [12]. These intermediary phases
typically have poorer electrical properties than BaTiOsz and worse mechanical properties than
the reinforcing phases. It is, therefore, desirable to limit the chemical reactions by tailoring the processing

of the composites.

2.2 Processing of ceramic materials

The aforementioned single-phase and multi-phase advanced ceramic materials have several limitations
in their performance. This thesis adopts a top-down approach to materials design [3], emphasising
the production of materials with desired performance by optimising individual processing steps. Processing
optimisations start with powder synthesis and functionalisation, followed by powder consolidation and heat

treatment to obtain dense ceramic bodies with improved material properties.

2.2.1 Powder synthesis

Generally, powder synthesis is the first step leading to the final ceramic product. Therefore, optimising
the synthesis is essential, as the prepared ceramic powder will influence further processing. The desired
properties of the synthesised powders are fine particle size with narrow distribution without agglomeration,
required particle shape, high purity, and single-phase composition [1]. Examples of optimisations include

using higher-quality precursors and varying the solution’s molarity, pH, and ageing time [21,60-62].

2.2.2 Powder functionalisation

The functionalisation of ceramic powders modifies their properties and facilitates consequent processing
steps to obtain the final product’s best performance. Modifications include particle size reduction
by mechanical milling [63], change of surface properties by plasma activation [6] or various grafting
compounds [64], adjustment of morphology and phase composition by heat treatment [65,66], and simple

sieving to obtain specific particle size fractions [1].



High-energy ball milling

High-energy planetary ball milling allows effective particle size reduction using simple equipment.
Reduced particle size results in increased surface energy, and improved sinterability and reactivity [63].
It has been shown to improve densification and grain size control, which positively affected the properties
of final ceramics and ceramic composites, such as fracture toughness, strength, and electrical properties
[67-70].

Plasma activation

In addition to altering the powder morphology and particle size during milling, powder functionalisation
can enhance powder properties by introducing various surface adsorbed groups. This can be achieved
by non-thermal plasma treatment applied at atmospheric pressure. For example, diffuse coplanar surface
barrier discharge (DCSBD) has previously been used to optimise alumina processing. It increased
the colloidal stability of the suspension, allowed the electrophoretic deposition (EPD) without any
hazardous stabilisers, and the final ceramics achieved a finer and denser microstructure [6,71].

2.2.3 Powder consolidation

Once synthesised and functionalised, ceramic powders can be consolidated using various shaping
techniques to achieve the desired shape. Powder consolidation technigues such as uniaxial pressing, cold
isostatic pressing (CIP), EPD, sol-gel, and slip-casting are among the most widely used. Advanced methods
combine powder consolidation with heat treatment, such as hot pressing, spark plasma sintering (SPS), and

thermal spraying [1].
Wet route

Wet powder consolidation methods generally use ceramic particles dispersed in aqueous or non-aqueous
media to form a suspension, paste, or gel. Extrusion and injection moulding are used for more complex
shapes. Sol-gel uses organic and powder precursors to produce high-purity ceramic powders, fibres, thin
films, and coatings. Slip-casting is a viable option for the simple preparation of bulk and shaped ceramics
by suspension drying. Tape casting can be used to prepare films by doctor blade. Finally, electrophoretic

deposition serves to prepare coatings or layers by electric field-driven ceramic powder consolidation [1].



During the EPD, a ceramic deposit is formed on the electrode directly from the stable colloidal
suspension after applying an external electric field [72]. EPD has been established as a rapid and robust
processing method suitable for the preparation of ceramic films [72], layers [73], or even bulk materials
[74]. In addition, particle and laminated ceramic composites have also been prepared [12,13,75].

Dry route

Dry powder consolidation methods are an alternative to wet methods, allowing homogeneous bulk
samples to be produced relatively easily. Uniaxial pressing is a fast and simple powder consolidation
method suitable for producing simple-shaped ceramic bodies. The powder can be mixed with a binder
or a pressing aid, poured into the mould, and then pressed between two pistons. The pressure is usually
in the tens of MPa but can be as high as 1 GPa. CIP may follow to increase powder consolidation
and uniformity. The hydraulic oil isostatically compresses the sample in the rubber container in the pressure
chamber. The pressure is often in the hundreds of MPa, higher than for uniaxial pressing. CIP is a quick
and easy method that allows the consolidation of more complex shapes [1].

2.2.4 Heat treatment
Sintering

After powder consolidation, heat treatment—sintering—of the green body follows. Sintering
is a thermodynamic process in which consolidated particles are bonded together, followed by fusion into
grains without melting [1], with subsequent changes in shape and size [76]. It also involves transporting
material by diffusion into the pores and their shrinkage and removal. Grain boundary (GB) diffusion, lattice

diffusion, and grain rearrangement contribute to the shrinkage and densification of the ceramic body [77].

Direct measurement of shrinkage during sintering is possible using dilatometry. Shrinkage curves can
provide valuable data on densification progress [76], CTE [60,76], phase transformations [78], thermal

hysteresis [78], and are essential for rate-controlled sintering [79].

Grain growth is a complementary phenomenon to densification. The direction of the grain growth
is always towards the centre of curvature of the GB, and the movement of the GB is due to the pressure
difference and the vacancy gradient [1]. The coarsening of the microstructure usually has a detrimental

effect on the mechanical, optical, and electrical properties of ceramic materials [35,39,40].
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It is possible to prevent unwanted grain growth by using unconventional sintering methods:
pressure-assisted sintering methods such as hot isostatic pressing and SPS [80,81], two- and three-step
sintering [60,82], microwave sintering [83], flash sintering [84], rapid pressure-less sintering (RPLS)
[41,85], or radiation-assisted sintering [86,87].

Rapid pressure-less sintering

Rapid pressure-less sintering, also known as fast firing, is a progressive method where ceramic samples
achieve high densification using a fraction of the necessary time and energy [88]. A high heating rate can
accelerate the densification process through early activation of lattice diffusion and GB diffusion [88,89]
and densification front formation [90]. Conventional sintering cycles are typically orders of magnitude
longer, and the time savings are comparable to SPS [80] or microwave sintering [91]. The decrease

in energy consumption leads to substantial economic and environmental benefits.

The aforementioned sintering mechanisms can lead to intriguing results. RPLS has been successfully
used for various ceramic materials such as Al20s3 [92-94], tetragonal ZrO, [85,94,95], electroceramics
such as BaTiOs [41] and BCZT [42], calcium phosphates [96], and even more unusual compounds such
as Sm-doped CeO- [97].

Spark plasma sintering

Another established advanced heat treatment method is SPS. Ceramic powder is placed in a graphite die
between two graphite punches, uniaxially pressed, and a low voltage electric current is applied to generate
heat (see Fig. 2a) [98]. The maximum achievable temperature is up to 2400 °C. SPS is frequently used
to densify a wide range of materials, such as refractory metals, intermetallics, ultra-high-temperature
ceramics, transparent ceramics, nanostructured and functionally graded materials [80], aluminium tungstate

[60], and lead-free electroceramics, producing dense samples with controlled grain size [99-103].
Radiation-assisted sintering

SPS equipment can be modified using graphite crucibles to eliminate the influence of the pressure during
the sintering (see Fig. 2b). A direct comparison between SPS and radiation-assisted sintering of ZrO,

showed similar densification and microstructural state of the sintered bodies [98]. Due to the presence
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of the vacuum, the majority of the energy available for densification comes from radiation (similar
to RPLS), hence radiation-assisted sintering [87].

High heating rates (hundreds of °C/min), good densification, and less shape constrictions (compared
to SPS) have allowed radiation-assisted sintering of various materials, including structural ceramics such
as ZrO- [86,98,104] and Al.O; [87,105], lead-free electroceramics KNN [106], non-oxide ceramics SiC
[107] and VsC7 [108], and even alloys, intermetallics, and pure metals [109-113].

Overall, radiation-assisted sintering offers the possibility of optimising the sintering process in terms
of the final performance of the material; it serves as an alternative to RPLS performed in air and to SPS

with added pressure.

(@

Graphite punch Graphite punch

Mechanical Vaccum
pressure

Electricity

_Graphite paper < flow through S Graphite wool |
the sample

Graphite Graphite
cylinder AN crucible

Electricity flow

Fig. 2 Schematic setup for a) pressure-assisted sintering and b) radiation-assisted sintering in an SPS
machine [98].
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3 Aims of the thesis

This thesis aims to advance selected ceramic materials. The studied materials have several limitations
restricting their full application potential. To overcome these issues, this work embraces a top-down
material design approach, and the focus is placed on preparing the materials with improved properties
for better performance by optimising individual processing steps: powder synthesis, functionalisation,

consolidation, and sintering.

The goals include:

1. Functionalisation of the hydroxyapatite powder using plasma activation for optimised orthopaedic
biocoatings densified by RPLS technique.

2. Examining the influence of powder synthesis and treatment, calcination temperature, and rapid
sintering methods on the final properties of Al;W301..

3. Documenting the influence of non-conventional sintering methods on the microstructural evolution
of BaTiOs.

4. Studying BaTiOs-based particle composites with added Al.Oz or ZrO..

5. Describing the fundamental properties of BaTiO3s/Al,Os reaction product BaTiAlgO12.

6. Preparing laminate composites based on BaTiO; and ZrO, and mitigating interlayer reactivity

by changing the composition of piezoceramic layers and the sintering strategy.
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4 Methods and experimental

4.1 Sample preparation

4.1.1 Ceramic powders

Several commercial powders were used: hydroxyapatite (Nanografi, Turkey), tetragonal BaTiOs;
(Nanografi, Turkey), Al:Os powder (Taimei Chemicals, Japan), Al.Os; platelets (Merck, Germany),
and 3 mol.% Y,0s-stabilised tetragonal ZrO; (ZrO,, Tosoh, Japan). The basic characteristics of the powders

are summarised in Table 1.

Table 1 Particle size and density of used commercial powders.

Powder Primary particle size [nm] Density [g/cm?®]
Hydroxyapatite 50 3.16
BaTiOs 280 6.02
Al;O3 powder 120 3.99
Al,Os platelets 6000-10000 3.99
ZrO; 60 6.05

4.1.2 HA biocoatings

Hydroxyapatite powder was activated by DCSBD. A flat dielectric panel (96% Al;O3) with
screen-printed comb-like high voltage electrodes generated a thin layer of non-thermal plasma. The width
of the electrode strips was 1.5 mm, and their mutual distance was 1 mm. 0.05 g of HA powder was sieved
onto the discharge zone, covered with an alumina plate shield, and activated for 60 s using a 15 kHz
transformer and 400 W power input. The activation was performed under ambient conditions,
and maximum temperature of the DCSBD panel was kept below 70 °C. The process and schematic

representation of the apparatus has been described in the literature [71].

EPD suspensions consisted of 15 wt.% HA dispersed in 2-propanol (p.a., Lachner, Czech Republic).
The 2-propanol content was appropriately reduced when monochloracetic acid (MCAA, p.a.,
Sigma-Aldrich, Germany) was added as a stabiliser at concentrations of 0, 0.85, and 12.75 wt.%.
The suspensions were stirred in an ultrasonic bath for 30 min. The EPD was performed in a horizontal cell
with two polished stainless-steel electrodes 26 mm apart with an effective surface area of 8.8 cm?2
A constant current of 5 mA was maintained for 60 min. The deposition was interrupted every 5 min to stir
the suspension and weigh the electrode with the deposit. After deposition, the deposits were air-dried

for 24 h and removed from the electrodes for further analysis as stand-alone samples.
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Cancellous orthopaedic stainless-steel screws (Beznoska, Czech Republic) were used as cathodes
and coated by HA in the same setup described above. During these depositions, the screws rotated 2 rps.
The EPD lasted 2 min for the suspension containing plasma treated HA powder and 2 s for the suspension
containing as received powder to achieve the desired coating thickness. The orthopaedic screws were coated
without MCAA stabiliser in the suspensions.

Densification of deposited samples was achieved using RPLS in a superkanthal elevator furnace with
a moving sample holder (Clasic, Czech Republic), which allowed quick sample insertion into the preheated
furnace chamber. Sintering was performed at temperatures 1100, 1200, and 1300 °C with heating

and cooling rates between 5 and 100 °C/min and dwell times of 10 and 120 min.

4.1.3 AlWs3012 thermomiotics

Amorphous Al,Ws01, powder was synthesised by the co-precipitation method. The precursors
Al(NO3)3-9H20 (Alfa Aesar, USA) and Na,WO4-2H.0 (Sigma-Aldrich, USA) were dissolved in distilled
water at a concentration of 0.005 M in 2:3 stoichiometric ratio. The resulting white precipitates were
centrifuged at 5000 rpm for 5 min and washed thoroughly with ethanol. The amorphous precipitates were
dried at 90 °C for 12 h and ground in an agate mortar. The amorphous powder was calcined in the RPLS
furnace at 500-620 °C for 20 min using heating and cooling rates of 100 °C/min. The calcined crystalline
Al;W;0:, powder was milled in deionised water in a planetary ball mill Pulverisette 5 Classic (Fritsch,
Germany) for 10 min in zirconia containers with 5 mm zirconia balls as a milling medium. The powder was

dried, ground in an agate mortar, and sieved through a 100 um mesh before compaction.

Dry pressing was used to compact calcined Al;Ws01, powder. Uniaxial pressing was performed
at 15 MPa pressure in a 5 mm diameter graphite die. CIP was performed at 700 MPa. Compacted green
bodies were densified using high-temperature dilatometry and RPLS. A high-temperature dilatometer
L70/1700 (Linseis, Germany) was used to measure shrinkage curves at 10 °C/min heating and cooling rates
with 60 min dwell at 1000 °C. RPLS was performed at heating and cooling rates of 100 °C/min with
10 and 60 min dwell at 1000 °C sintering temperature. SPS was conducted in a Dr. Sinter 615 (Fuji, Japan)
using a 10 mm carbon die. The applied pressure during SPS was 50 MPa and heating and cooling rates
were 100 °C/min with a dwell time of 2 min at 850 and 1000 °C sintering temperature. The theoretical
density (TD) of Al,W30:2 used for further calculations was 5.08 g/cm?3[114].
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4.1.4 BaTiOs for rapid pressure-less sintering and radiation-assisted sintering

BaTiOs; powder was annealed at 600 °C for 60 min to remove organic residues and moisture. The powder
was then mixed in ethanol with 1 wt.% of polyethylene glycol (PEG) binder (mw 200, Sigma-Aldrich,
USA) and 5 mm ZrO; balls as milling media. Suspensions were mixed for 24 h on a roller bench, dried,
ground in an agate mortar, and sieved through 500 um mesh before compaction. Uniaxial pressing was
performed at 15 MPa in a 30 mm stainless steel die. CIP was performed at 300 MPa for 5 min.
The compacted BaTiOs pellets were calcined in a muffle furnace (Clasic, Czech Republic) at 800 °C
for 60 min to burn out the organic binder. The RPLS and radiation-assisted sintering cycles consisted
of 100 °C/min heating and cooling rates and 5 min dwell time at a sintering temperature in the range
of 1200-1300 °C (RPLS) and 1325-1400 °C (radiation-assisted sintering).

4.1.5 BaTiOz-based particle composites

The BaTiOs-based composites with fine dispersion of secondary phases were densified by RPLS,
and therefore, dry-pressed green bodies were prepared. Appropriate ratios (0, 3, 5, 10 vol.% of Al.O;
or ZrO- in BaTiOs3) of powders were mixed in ethanol with 1 wt.% of PEG binder (mw 200, Sigma-Aldrich,
USA) and 5 mm Al.Os or ZrO- balls as a milling media. Suspensions were mixed for 24 h on a roller bench,
dried, ground in an agate mortar, and sieved through 500 um mesh before compaction. Uniaxial pressing
was performed at 15 MPa pressure in a 30 mm stainless steel die. CIP was performed at 300 MPa for 5 min.
Compacted BaTiOs pellets were calcined in a muffle furnace (Clasic, Czech Republic) at 800 °C for 60 min
to burn out organic binders. The RPLS regime consisted of heating and cooling rates of 100 °C/min

and dwell time of 15 min. The sintering temperature was 1250 °C.

4.1.6 BaTiAlgO1

To explore one of the most significant reaction products, i.e., BaTiAlgO12, BaTiOs, and Al,O3; powders
were mixed in a molar ratio of 1:3 and wet milled in a planetary ball mill Pulverisette 5 Classic (Fritsch,
Germany) for 30 min in zirconia containers with 5 mm zirconia balls as a milling medium. The mixed
powder was dried, ground in an agate mortar, and sieved through 500 um mesh before further processing.
The homogenised powder mixture was sintered in SPS at 1450 °C with a 5 min dwell and 100 °C/min
heating and cooling rates. Prior to further characterisation, BaTiAlsO1, sintered samples were annealed

at 1400 °C for 5 h to remove carbon contamination.
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4.1.7 BaTiO3and BCZT-based ceramic laminates

BCZT ceramics of the composition (Bao.ssCao.15Zr0.1Tlo.0)O3 were synthesised by solid-state reaction
from BaCOj; (Dakram, United Kingdom), CaCO; (Lachner, Czech Republic), TiO, (Dakram, United
Kingdom), and ZrO, (Dakram, United Kingdom). The precursors were dried at 220 °C for 2 h and weighed
according to the stoichiometric ratios. The powders were wet milled in ethanol with ZrO; milling balls
for 24 h on a roller bench. The powder was dried at 90 °C for 10 h, sieved through 300 pum mesh
and calcined at 1250 °C for 4 h to obtain the final product ready for the preparation of laminated composites
by EPD.

EPD suspensions consisted of 15 wt.% of BaTiOs, BCZT, or ZrO. ceramic powders dispersed
in 2-propanol and stabilised with 12.75 wt.% of MCAA. The suspensions were stirred in an ultrasonic bath
for 30 min. The EPD was performed in a horizontal cell with two polished stainless-steel electrodes 26 mm
apart with an effective surface area of 18.7 cm?2. A constant current of 5 mA was maintained. The layered
structure was created by switching the deposition electrode from one deposition cell (containing dielectric
ceramics) to another (containing piezoelectrics). The EPD kinetics required for precise layer thickness were
designed based on the literature data [13,44,115]. After deposition, the deposits were air-dried for 24 h
and removed from the electrodes for further analysis as stand-alone samples. Two types of laminated
composites were prepared: alternating layers of BaTiOs/ZrO, and BCZT/ZrO..

The laminated deposits were sintered conventionally and by SPS. Before sintering, the deposits were
ground and shaped into cylinders with a 12 mm diameter. The conventional sintering cycle
in a high-temperature furnace (Clasic, Czech Republic) used a heating rate of 5 °C/min with a 120 min
dwell time at 1300 °C (BaTiOs/ZrO,) or 1500 °C (BCZT/ZrO,). SPS was performed at 100 °C/min heating
and cooling rates and 5 min dwell at 1250 °C (BaTiOs/ZrO2) or 1350 °C (BCZT/ZrO;) under 50 MPa

pressure in a 12 mm diameter carbon die.

4.2 Sample characterisation

4.2.1 Powders and suspensions

Particle size distributions of the powders were measured using an LA950 analyser (Horiba, Japan),
and surface area was analysed by the Brunauer-Emmett-Teller (BET) method on a NOVA touch LX? gas
sorption analyser (QuantaChrome, USA). Thermogravimetry (TG), mass spectroscopy (MS),
and differential scanning calorimetry (DSC) analyses were performed using the STA 409 C/CD analyser
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(Netzsch, Germany). The electrical conductivity of HA powder suspensions was measured using
a SevenCompact Conductivity S230 (Mettler Toledo AG, Switzerland) equipped with a platinum 4-plate
conductivity probe (0-500 mS-cm™, 0-100 °C, 0.80 cm™). The zeta potential of HA suspensions was
measured using a Zetasizer Nano ZS (Malvern Instruments, United Kingdom).

4.2.2 Densification and dilatometry

The density of green bodies and sintered samples was determined by the Archimedes method
(EN 18754) using the theoretical densities of used materials given in Table 1. A high-temperature
dilatometer L70/1700 (Linseis, Germany) was used to measure shrinkage curves at 10 °C/min heating
and cooling rates and various sintering temperatures. The CTE of sintered Al;Ws01, and BaTiAlsO12
samples was measured during cooling at a rate of 1 °C/min in the temperature range of 450-100 °C
according to the equation [76]:

€100 — €50

CTE = ’
(Tloo —T450) - 100

ey

where €100 [%] is the shrinkage after cooling to 100 °C, &450 [%] is the shrinkage at 450 °C, Tioo [°C]
is the temperature of 100 °C, and Tuso [°C] is the temperature of 450 °C.

4.2.3 Microstructural, chemical, and phase composition characterisation

Scanning electron microscopy (SEM) was used to observe powder particles and the microstructure
of polished and etched cross-sections of sintered samples. Verios 460L (Thermo Fisher, USA) and Mira 3
(Tescan, Czech Republic) SEMs were used. For chemical composition analysis, the Mira 3 SEM was
equipped with an energy-dispersive X-ray spectroscopy (EDX) detector (Oxford Instruments, United
Kingdom) operated by Aztec software. Electron backscatter diffraction (EBSD) maps of BaTiAlsO12
sintered sample were acquired using Lyra 3 (Tescan, Czech Republic) equipped with EBSD symmetry
camera (Oxford Instruments, United Kingdom) and analysed in Aztec Crystal software. Grain size
distribution was calculated from the set of EBSD maps with a grain boundary detection limit of 15°.
The mean grain size (MGS) of sintered HA and BaTiOs-based composite samples was determined
by the linear intercept method multiplied by a correction factor 1.56 [116]. The share of abnormal grains
in the microstructure was estimated from three SEM micrographs (2000 um?) of the polished surface.
In the case of Al W50, sintered samples, grain area and grain area distributions were calculated using

binary images of traced grains in ImageJ software.
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X-ray diffractometry (XRD) was used to analyse the phase composition and crystallinity of powders,
green bodies, and sintered samples. A Bragg-Brentano setup was used with a Cu-Ka radiation source
(A =1.54 A). XRD data evaluation was performed using PDXL2 software and the ICSD database. Raman
spectroscopy was used to measure the vibrational characteristics of powders and sintered samples using
a Witec Alpha 300R (Witec, Germany) with a 532 nm wavelength laser operating at 30 mW. X-ray
photoelectron spectroscopy (XPS) was used to study the surface properties of powders. Measurements were
performed on an AXIS Supra (Kratos Analytical, United Kingdom) with a monochromatic Al-Ka
(1486.7 eV) excitation source. Spectra were calibrated to the adventitious carbon component C-C
in the C 1s peak at 284.8 eV and further analysed in CasaXPS software.

Electron paramagnetic resonance (EPR) was used to determine the concentration of oxygen vacancies
in Al,W501, calcined powders. The spectrometer was equipped with a JM-PE-3 (Jeol, Japan) resistive
magnet and a microwave source Magnettech MXH2 (Bruker, United States of America) with a magnetic
field modulation amplitude of 0.92 G at 100 kHz, 20 mW, and 60 s scans. The g-splitting factor was
calibrated against a MgO:Cr®* standard sample with g = 1.9797 and known spins concentration. The oxygen
vacancy signal was compared to the standard, divided by the mass of the sample, and multiplied
by the theoretical density of Al;W301..

4.2.4 Mechanical characterisation

Hardness was measured on polished cross-sections of the samples using a Z2.5 hardness tester
(Zwick/Roel, Germany) equipped with a ZHUO2 instrumented hardness head and a Vickers diamond
indenter. The load of 0.98 N was maintained for 10 s in the case of Al;W501, samples, and the size
of the indentations was measured using a confocal microscope LEXT OLS 3100 (Olympus, Japan)
to calculate the Vickers hardness HV0.1. The indentation hardness, calculated from the depth of the indent,
was measured in the case of BaTiOs-based laminated composites with a load of 50 mN maintained for 12 s
using the ZHN machine (Zwick/Roel, Germany). Young’s modulus was calculated from the unloading part

of the loading curves. At least 20 indentations were made for each sample.

The fracture toughness of BaTiOs-based particle composites was measured using the chevron notch
technique. Sintered discs were cut and polished to obtain bending bars (3.5 x 2.5 %20 mm) with
the required surface quality. A precision saw Isomet 5000 (Buehler, United States of America) was used

to cut chevron notches in the bars. The bending bars were loaded in the three-point bending configuration
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with a 16 mm span, and a crosshead speed of 0.005 mm/min was maintained by a universal testing system
8862 (Instron, USA). The geometric function was calculated using the slice model.

4.25 Electrical characterisation

The electrical properties of BaTiOsz-based samples were measured after applying Ag paste and firing
the samples at 700 °C before poling in silicon oil at 3 kV/mm for 10 min. The dielectric properties were
measured at room temperature in a frequency range between 10 mHz and 1 MHz using Alpha-A High
Performance Modular Measurement System (Novocontrol, Germany) in ZGS Active Sample Cell.
The quasistatic piezoelectric constant, dss (pC/N), was measured by Berlincourt dss meter (ZJ-3C, Institute
of physics, China) after poling in silicon oil at 3 kvV/mm for 10 min at room temperature.
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5 Results and discussion

5.1 Hydroxyapatite coatings

This sub-chapter is dedicated to optimising HA powder properties by plasma treatment to stabilise the
EPD suspensions without hazardous and toxic additives. The effects of the DCSBD treatment were
described in terms of TG/MS and XPS analyses of the powder and electrical conductivity, zeta potential,
and deposition behaviour of the suspensions. Several RPLS sintering cycles with sintering temperatures
between 1100 and 1300 °C, dwell times 10 and 120 min and heating rates between 5 and 100 °C/min were
used to obtain deposits with tailored porosity and microstructure. As a proof of concept, orthopaedic screws
were coated to demonstrate the benefits of plasma treatment on the homogeneity and uniformity of HA
coatings.

Powder properties

Firstly, the influence of plasma treatment on powder properties was investigated using simultaneous TG
and MS analyses in the temperature range of 75-1300 °C. Fig. 3a shows similar mass change profiles for
as received and plasma treated powders, but the total mass change was higher for the plasma treated HA:
6.5 vs 4.6%. This difference was most pronounced in the temperature range of 200-1000 °C, where
the plasma treated powder showed a 1.5% higher weight loss. It can be explained by adsorbed molecules
on the surface of the treated particles, as shown in Fig. 3b. A significant m/z = 44 peak around 320 °C
confirmed the existence of N,O or CO, molecules [117,118] and three m/z =30 peaks at 300, 530,
and 750 °C confirmed the presence of NO or NO; [71]. In addition, the m/z = 18 signal showed irreversible
expulsion of lattice water and reversible expulsion of OH  and formation of oxyhydroxyapatite
in the temperature range of 100-400 °C and 900-1300 °C, respectively [119,120].
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Fig. 3 TG/DTG (a) and MS (b) curves of as received and plasma treated HA powders [121].

The surface of the powders was examined in more detail by XPS. Five elements were detected: Ca, P,
O, C, and N. Their mutual ratio remained practically unaffected by the plasma treatment, except for
nitrogen, which increased from 1.3% to 2.9%. A detailed investigation with peak deconvolution of the C 1s
peak of the as received and plasma treated powder is shown in Fig. 4a and Fig. 4c, respectively.
The as received powder contained the components C-C at 284.8 eV (adventitious carbon, calibrated to this
value), C-O at 286.3 + 0.2 eV, and C=0 at 288.6 + 0.1 eV. Plasma treated powder spectrum showed that
all components increased in concentration at the expense of C-C, and an additional component COO
appeared at 289.9 eV. Similarly, N 1s deconvoluted peaks are shown in Fig. 4b (as received powder)
and Fig. 4d (plasma treated powder). In both cases, NH and NO were detected at 400.3 £ 0.3 eV, NO»
at 403.7 £ 0.3 eV, and NOz" at 407.4 = 0.1 eV. The intensity of NOs™ increased significantly after plasma
treatment and was responsible for the higher total nitrogen content in the plasma treated powder. These
findings agree with the TG/MS analyses and the literature data, where an increased presence of N has been
reported after DCSBD treatment [118]. In the case of ceramic materials, DCSBD treatment of alumina
powder showed similar changes in the carbon and nitrogen components adsorbed on the surface, as analysed
by TG/MS and XPS [71].
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Fig. 4 Deconvoluted XPS spectra of C 1s and N 1s peaks for as received (a, b) and plasma treated (c, d)
HA powders [121].

Electrophoretic deposition

The plasma treatment of the HA powder significantly affected its colloidal properties and the EPD
process itself. Table 2 summarises the information on the suspensions containing as received and plasma
treated HA powders and the EPD process. The zeta potential of the suspension characterises its stability;
suspensions with the zeta potential close to |30] mV can be considered stable and resistant to sedimentation
and flocculation of particles [122]. The zeta potential of the suspension with as received powder changed
from + 15.3 mV to — 15.2 mV after adding MCAA. The amount of MCAA was insufficient to stabilise
the suspension, but the use of higher concentrations could cause problems in the intended application
of orthopaedic implants (toxicity, corrosion). Therefore, the work aimed to establish the feasibility

of DCSBD treatment to stabilise suspensions for EPD. The presence of additional surface components
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inthe plasma treated HA powder increased the stability of the suspension and the zeta potential
to + 24.7 mV in the suspension without MCAA.

Unstable suspensions also had fewer charge carriers, resulting in low electrical conductivity. This
resulted in abrupt cathodic deposition, as shown by the steep curve in Fig. 5a. The deposition had
to be terminated prematurely due to approaching the limits of the power source. 0.85 wt.% of MCAA
increased the electrical conductivity, but the near-zero zeta potential inhibited any deposition. A further
increase in MCAA content to 12.75 wt.% resulted in higher conductivity, negative zeta potential, and anodic
deposition. The conductivity was still insufficient, and the deposition had to be terminated after 25 min
due to the high deposition rate and subsequent development of cracks in the deposit caused by non-optimal
particle packing on the electrode [123]. The plasma treated HA powder contained increased
amounts of carbon and nitrogen components, which are soluble in the 2-propanol [124-127].
The increased amount of charge carriers increased the electrical conductivity by two orders of magnitude
and reduced the rate of cathodic deposition (Fig. 5a, dotted line). The addition of MCAA increased

the conductivity but also decreased the zeta potential and prevented deposition.

Table 2 MCAA concentration, electrical conductivity, zeta potential, and deposition process [121].
Powder MCAA [wt.%] Zeta potential [mV] EI. conductivity [uS/cm] Deposition process

As 0 15.3 0.1 Cathodic, abrupt
received 0.85 2.7 0.5 None

12.75 -15.2 5.2 Anodic, cracking
Plasma 0 24.7 38.5 Cathodic, uniform
treated 0.85 16.1 66.6 None

12.75 10.5 75.3 None

Due to the undesirable behaviour of suspensions with added stabilisers during the EPD, only deposits
prepared without any MCAA were further analysed. Unsuitable properties of suspensions with as received
HA powder led to abrupt deposition, which resulted in a non-uniform 4 mm thick deposit (Fig. 5b) with
R, =127.3 £ 17.5 um, R, = 461.7 £ 43.1 um. In contrast, stabilised deposition of plasma treated HA powder
produced a crack-free, smooth, and uniform deposit with R, =8.2 £ 2.7 ym, Rz = 28.2 = 7.7 um (Fig. 5c),
and a thickness of ~1 mm. Controlled deposition of plasma treated HA powder not only produced smoother
and crack-free deposits but also enabled better particle packing on the electrode. Deposits were denser,
reaching 27.6% of TD compared to 22.4% of TD for as received HA deposits.
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Fig. 5 Deposition yields (a) and photographs of as received (b) and plasma treated (c) HA coatings [121].

Sintering and densification

The deposits removed from the electrodes were sintered using multiple sintering cycles with different
sintering temperatures, dwell times, and heating rates. Table 3 summarises the sintered samples’ relative
densities and MGS depending on the used sintering cycle. It is apparent that a higher heating rate resulted
in a better final density of the coatings. The benefits of high heating rates for densification can be explained
by surface diffusion inhibition [89], early activation of lattice and GB diffusion [88], and densification front
formation [90]. A dwell time of 10 min at the sintering temperature was sufficient to densify the coating
homogeneously and no densification front was observed. At the sintering temperature of 1100 °C,
the density ranged from less than 40% of TD (5 °C/min) to more than 52% of TD (100 °C/min)
for the coatings prepared from the plasma treated HA powder. The as received powder coatings had slightly
lower final densities. The most significant effect of different heating rates was observed at the 1200 °C
sintering temperature. Plasma treated HA deposits were densified up to 94.7% of TD (100 °C/min), whilst
as received HA deposits were typically 5-10% more porous. At the highest sintering temperature (1300
°C), high heating rates were no longer beneficial as all sintering regimes densified the samples well above
90% of TD. In all cases, the plasma treated coatings retained their higher density after sintering.

The maximum density of 97% of TD was recorded for the plasma treated deposit sintered at 100 °C/min.
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This value is similar to other reports using pressureless sintering of commercial HA powder with
comparable particle size, morphology, and purity at this temperature [128,129].

The slowest sintering cycles with a heating rate of 5 °C/min and 120 min dwell time were designed
to mimic the conventional sintering process. The samples were inserted into the furnace chamber, which
was gradually heated to the sintering temperature, so there was a negligible temperature difference between
the chamber and the sample. In the case of RPLS cycles, the furnace chamber was preheated 100 °C above
the desired sintering temperature from the start. The temperature difference was much higher,
and the amount of heat transferred during sintering increased because the amount of transferred radiation
energy is proportional to the temperature difference between the radiation source and the sample
to the power of four [90]. This could explain the higher densities of the RPLS samples even at shorter dwell
times (10 vs 120 min). In addition, the conventional-like sintering cycle was more than 17 times longer

than the shortest RPLS cycle, which was comparable to SPS [130] or microwave sintering [91].

Table 3 Relative densities (p) and MGS depending on the sintering cycle [121].

Sintering Heating rate  Dwell p [%] MGS [um]

temp. [°C]  [°C/min] [min] Ref? PlasmaP® Ref? Plasma®

1300 100 10 944+03 97.0+0.1 1.9+0.2 1.9+0.3
50 93.7+02 947%0.1 20+0.1 20+0.3
20 93.5+0.1 95.0%0.1 22+0.2 2.1+0.3
5 93.3+0.1 952+10 29+0.3 32+04
5 120 922+0.1 94.7%0.1 25+0.3 25+0.3

1200 100 10 87.0+0.1 947%0.1 1.0+0.1 1.0+0.1
50 83.0+0.1 86.8%0.1 1.0+0.1 1.0+0.1
20 716+01 76.3%0.1 09+0.1 09+0.2
5 65.1+01 75501 1.0+£0.1 1.0+£0.1
5 120 61.1+0.1 66.70.1 1.1+01 1.0+0.2

1100 100 10 496+02 526%0.1 04+0.1 04+0.1
50 46.1+0.1 50.8+0.1 04+0.1 04+0.1
20 427+01 45610 05+0.1 04+0.1
5 400+0.1 44.0zx0.1 05+0.1 05+0.1
5 120 39.0£0.1 39.8z%0.1 05+0.1 05+0.1

2 produced from as received HA
® produced from plasma treated HA
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Microstructure

Different sintering trajectories between the plasma treated and as received powder coatings and different
sintering cycles resulting in different densities did not significantly affect the MGS (Table 3). This contrasts
with previous reports for plasma treated alumina powder consolidated by EPD [71], slip-casting [131]
and dry pressing [6]. The MGS gradually increased with increasing sintering temperature from 0.5 um,
to 1 um, to 2-3 um, for 1100 °C, 1200 °C, and 1300 °C, respectively. RPLS produced dense samples with
finer microstructures than conventionally sintered [129] or microwave-sintered [132] hydroxyapatite.
A finer microstructure is beneficial as increased surface energy, mechanical properties, and osteoblast

activity have been reported for HA with finer grains [133].
Phase composition

Further benefits may arise from the fact that different powder treatment and sintering regimes
of the deposits did not affect the phase composition and only pure HA (#1CSD 026204) was identified.
Preserved HA is advantageous for the intended use in orthopaedic coatings as it is stable in the physiological
environment [134] and increases osteoblast activity [135,136]. The high stability of HA, even at 1300 °C,
is surprising but has been reported previously [119,120,137-141]. This can be explained by the used
powder, its morphology, and purity. Overall, the results showed that selected processing methods allow
tailoring of the final density and MGS whilst maintaining the phase composition, which offers interesting

possibilities for coatings on orthopaedic screws.
Coating of orthopaedic screws

As a demonstration, orthopaedic screws were coated with HA using the same settings but with a shorter
deposition time to obtain an optimum thickness between 50-100 um [142]. The rapid deposition
of the as received HA powder resulted in a non-uniform coating with visible cracks, as shown in Fig. 6a.
This is consistent with previous papers related to EPD of HA on orthopaedic coatings reporting several
challenges such as cracking, non-uniformity, and poor coating adhesion even after optimising the deposition
[143-145]. Thermal spraying methods were more successful, but high temperatures during deposition
reduced crystallinity or caused phase transformations to other calcium phosphates [146,147]. On the other
hand, the deposition from plasma treated HA powder produced a uniform, crack-free coating, as shown

in Fig. 6b. This result demonstrates the viability of plasma treatment for regenerative medicine applications.
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Fig. 6 HA biocoatings on stainless steel orthopaedic screws fabricated by EPD from suspensions

containing a) as received powder and b) plasma treated powder [121].

Conclusions of the sub-chapter

This sub-chapter has investigated the suitability of plasma activation of HA powder to produce uniform,
defect-free coatings by EPD without hazardous or toxic additives. Adsorbed nitrogen and carbon
components positively influenced the suspension properties and the EPD process. RPLS enhanced
the benefits of plasma treatment of the powder as these coatings had higher final densities.
Finally, the benefits of plasma treatment for producing biocoatings by EPD were directly demonstrated
on orthopaedic screws. The results were published in the Journal of the European Ceramic Society
(Q1, ref [121]).
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5.2 Aluminium tungstate calcination and sintering

This sub-chapter focuses on optimising processing of another advanced oxide ceramic material:
thermomiotic Al.W301,. Discussed topics include amorphous powder synthesis, investigating extrinsic
point defects introduced by calcination, and the improvement of Al,W501, densification by rapid sintering
methods (RPLS, SPS). The co-precipitation method was used to synthesise amorphous Al.W301, powder
with small primary particles, and agglomerates were broken down by planetary ball milling. The powder
was calcined at 500-620 °C, and the influence of the selected temperature was described in terms
of crystalline structure and induced point defect concentration. The calcined powder was analysed using
high-temperature dilatometry, which established ideal sintering conditions for RPLS and SPS techniques.
Sintered Al;W301, samples were evaluated based on their density, microstructure, CTE, and mechanical
properties.

Amorphous powder synthesis

The synthesis of nanosized and single-phase Al>Ws0:, powder is required to produce dense
and fine-grained ceramic bodies. A solid-state reaction [148], sol-gel [61], and total evaporation techniques
[21] have been used previously, but this work relied on co-precipitation due to its low cost and simple
synthesis [21,60,61]. The co-precipitation was optimised by using different precursors, lower molarity,

and no ageing time to prevent particle coarsening.

As a result, the produced amorphous powder had a specific surface area of 66.3 m?g™ and a calculated
primary particle size of 18 nm, the finest powder reported in the literature to date [149]. However,
the measurement of primary particles from SEM images showed slightly higher particle size in the range
of 50-100 nm (see Fig. 7a). Also, substantial agglomeration of the powder was observed (see inset in Fig.
7a). The laser diffraction measurement resulted in a trimodal particle size distribution with peaks at 3, 13,
and 60 um and dso = 35.8 um (Fig. 7d).
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Fig. 7 SEM micrographs of a) amorphous, b) calcined non-milled, and c) calcined milled Al,W301,
powders with their particle size distributions (d) [150].

TG and DSC analyses

The amorphous powder was subjected to simultaneous TG and DSC analyses from room temperature
to 800 °C in air (Fig. 8). The curves suggest two significant events during heating. The endothermic event
and the rapid weight loss at lower temperatures, centred at 122 °C, were related to water release
and evaporation. The weight loss above 175 °C is due to the release of hydroxyl groups [151-154]
originating from the hydroxide-based precursors [152]. A total weight loss of 18.7% was recorded,
but the weight loss above 570 °C was negligible, suggesting that structural changes were complete. This
contrasts with the DSC curve, which shows a second major exothermic event, the crystallisation
of Al;W3012[149], centred around 635 °C with onset at 615 °C.
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Fig. 8 Simultaneous TG and DSC curves of amorphous Al;W30:, powder, with marked water
evaporation (cyan underpainting) and crystallisation (green underpainting) events. Note the downward

orientation of the exothermic DSC peaks [155].

XRD of calcined powders

Based on the TG/DSC data, the amorphous powder was calcined at temperatures between
500 and 620 °C in the RPLS furnace with a 20 min dwell time. The XRD patterns in Fig. 9 show that
the amorphous precursor (black pattern) showed no diffraction peaks, only an amorphous halo. Diffraction
peaks started to appear at higher temperatures, and orthorhombic Al;W30;, became dominant at 540 °C
(orange pattern). XRD patterns show that a lower temperature under isothermal conditions may be sufficient
for crystallising the synthesised amorphous Al,W301, than suggested by the exothermic DSC peak centred
at 635 °C (see Fig. 8). Pawley method refinement for powders calcined at 540, 570, and 620 °C showed
that lower calcination temperatures resulted in 0.36% (540 °C) and 0.18% (570 °C) volumetric expansion
of the unit cell compared to the 620 °C calcined powder. This could indicate an increased concentration

of point defects in the crystalline structure.
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Fig. 9 XRD patterns of amorphous Al;W301, powder and powders calcined at 500-620 °C [155].

Raman spectroscopy of calcined powders

Raman spectroscopy was used to study the vibrational characteristics of the calcined powders,
the presence of point defects, and the associated unit cell expansion. Several vibrational bands were
identified. Small intensity peaks between 150-300 cm™ (Fig. 10, cyan underpainting) were associated with
translational and lattice vibrations of WO, tetrahedra (v2), peaks between 300-450 cm? (Fig. 10,
green underpainting) were attributed to O-W-0 bending modes in WO (v4), double peaks in the range
of 800-950 cm* (Fig. 10, red underpainting) were associated with W—O asymmetric stretching vibrations
of WO, tetrahedra (vs), and the most intense peak in the region of 950-1100 cm™ belonged to W-O
symmetric stretching vibrations (v1) [156-158].

The splitting of the main peak belonging to the v4 band indicated a lower concentration of oxygen
vacancies with increasing calcination temperature. The splitting was evident at 550 °C (Fig. 10, purple
curve) and was most pronounced at 620 °C (Fig. 10, magenta curve). This phenomenon represents
the strengthening of the O-W-0O band due to the disappearance of oxygen deficiency in the crystal structure
and has been reported for highly ordered Al,Ws01; structures [156-158].
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Fig. 10 Raman spectra of amorphous and calcined Al:W301, powders with marked vibrational modes

Vi— V4 [155].

Dashed lines in the v; symmetric stretching band region represent the redshift of the main peak towards
the lower wavenumber with decreasing calcination temperature by 16 cm™ (620 vs. 500 °C). The distortion
in the local structure present in the 500 °C calcined powder could cause softening of the W-O bonds.

On the other hand, the ordered structure of powder calcined at 620 °C with stronger bonds showed a shift

towards higher wavenumbers [159].
Colour change of calcined powders

Another indication of the increased presence of point defects, namely oxygen vacancies, is the colour
change of the powder sample. The sample colour changed from dark grey to almost white with increasing
calcination temperature (Fig. 11). A2M3O1.-type materials are wide-band-gap semiconductors that do not
absorb visible light [159-161]. It has previously been shown that when Al,Ws0;; is reduced in an H;
atmosphere at 400 °C, the powder becomes dark grey compared to defect-free Al,Ws0;, calcined at 800 °C
[159]. The amorphous powder was utterly white, suggesting little or no oxygen vacancies. Therefore,

the EPR technique, which allows direct measurement of extrinsic defects, was applied.
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Fig. 11 Photographs of amorphous and calcined Al;W;01, powders [155].

EPR of calcined powders

As a definitive proof of the presence of oxygen vacancies in the calcined Al;W30:2 powders, their
paramagnetic signal was measured by EPR (Fig. 12). The paramagnetic signal detected at g = 2.0026 was
attributed to a single electron trapped in the oxygen vacancy (SETOV) [151]. It can be seen that
the concentration of SETOV increased with decreasing calcination temperature and reached its maximum
in the powder calcined at 500 °C: 6.66-10' cm™. Calcination at 570 °C resulted in a 20-fold lower
concentration of oxygen vacancies. The amorphous powder was completely free of oxygen vacancies,

as suggested by its white colour, and the powder calcined at 620 °C had a negligible concentration.
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Fig. 12 EPR signals of amorphous and calcined Al,Ws01, powder in air between 500 and 620 °C [155].
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Powder milling and consolidation

Thorough analyses of calcined powders provided valuable information on the ideal calcination
temperature for further processing steps, considering the need for nanometric crystalline orthorhombic
Al;W501,. The selected calcination temperature of 570 °C was considerably lower than previously reported
(650 °C) [149]. After calcination, the specific surface area was reduced to 26.4 m?-g* (from 66.3 m2.g%)
and the calculated primary crystallite size increased to 45 nm. Fig. 7d depicts the trimodal particle size
distribution measured by laser diffraction with dso = 29.9 um. The SEM observation in Fig. 7b confirms

the presence of agglomerates and primary particle size in the 50-100 nm range.

Planetary ball milling was used to break up agglomerated particles and improve particle packing during
consolidation. A relatively brief time of 10 min was used to minimise the risk of contamination from
the zirconia milling balls. Fig. 7d shows that the particle size distribution sifted to lower values with
dso = 3.9 um. However, the distribution was still trimodal with a preserved small fraction of large
agglomerates around 200 pum. A similar result has been reported for nanosized Al;W301, [21]
and can be explained by reagglomeration during milling [162]. In addition, a new particle size fraction
centred around 100 nm was detected.

The SEM image of the agglomerate in the milled powder (Fig. 7c) shows that the primary particles
remained in the range of 50-100 nm. The inset in Fig. 7c confirms that the majority of the large
agglomerates were fragmented during the milling process, which could prevent shaping-related defects
in compacted green bodies [163]. Finally, the specific surface area of the milled and calcined Al,W301
powder increased to 31.4 m? g, the highest value reported to date [149].

After the consolidation by uniaxial pressing followed by CIP at 700 MPa, the relative densities of green
bodies were 64.4% and 66.4% of TD for non-milled and milled powder, respectively. A small benefit
of milling is evident, and the relative densities of the green bodies fell within the range of 58-73% of TD

previously reported [21,60,164].
Sintering and densification

High-temperature dilatometry determined the ideal sintering temperature for green body densification.
Fig. 13a shows the shrinkage (dashed curves) and its first derivative (solid curves) as a function

of temperature. The shrinkage curves show that slight densification began around 590 °C (for both
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powders), followed by a rapid shrinkage starting at around 810 °C (non-milled powder) and 830 °C (milled
powder) and finished just below 1000 °C. The first derivative curve of the shrinkage, i.e., the shrinkage
rate, contained three regions of interest (Fig. 13a). A broad downward peak centred at 640 °C was detected
in the low-temperature region (cyan underpainting). This could be related to the completion
of crystallisation, as previously suggested by the DSC measurement (Fig. 8), where an exothermic event
occurred at 635 °C [150]. A sharp peak was detected in the following green region at 750 °C (hon-milled
powder) and 790 °C (milled powder), which can be attributed to the necking of the powder particles
and pore channel smoothening [60,165]. The final high-temperature region (red underpainting) contains
dominant peaks at 950 and 970 °C for non-milled and milled powder, respectively. This is the final stage
of sintering with densification by lattice and GB diffusion [166]. Based on the dilatometric data, a sintering

temperature of 1000 °C was selected for further experiments using SPS and RPLS.

The shrinkage curves recorded during SPS (see Fig. 13b) show that both powders were already densified
at a lower temperature of 850 °C due to the applied pressure, which drives the mass transport [80].

Therefore, SPS samples were prepared at 850 and 1000 °C (for comparison with RPLS) sintering

temperatures.
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Fig. 13 Relative shrinkage and shrinkage rate curves with underpainted regions of interest (a) and

absolute shrinkage measured during the SPS process (b) of non-milled and milled Al,;Ws012 powders [150].
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RPLS samples achieved relative densities of 95.5-96.0% of TD regardless of the sintering regime used,
as documented in Table 4. Similar densification compared to prolonged three-step sintering [60] can
be explained by the acting of driving forces associated with the high heating rates, namely the surface
diffusion inhibition [89], early activation of lattice and GB diffusion [88], and densification front formation
[90], as mentioned in sub-chapter 5.1. The SPS samples surpassed the RPLS and the previous SPS report
[60] by reaching relative densities close to 98.0% of TD at a much lower sintering temperature of 850 °C.
Slightly lower densities were obtained at 1000 °C. The overall results confirmed the benefits of optimised
powder synthesis and calcination, as the sintering temperatures were significantly lower and densification

was higher than previous reports dealing with pressure-less sintering [21,60] and SPS [60].

Table 4 Summary of relative densities, Vickers hardness, and Young’s modulus of the samples
prepared from non-milled and milled powders using RPLS and SPS [150].

Sintering  Sintering Dwell  Powder
method  temp. [°C] [min]  condition

p[%of TD] HV0.1[GPa] E [GPa]

RPLS 1000 10 Milled 95.6 +0.3 3.8+04 46.8+45
Non-milled 95.5+0.3 3.9+05 454+18

60 Milled 96.0 +0.2 39406 42.8+35

Non-milled 95.7 +0.3 3.9+04 459+ 3.4

SPS 850 2 Milled 97.8+0.1 6.9+05 64.0+3.3
Non-milled 97.7+0.1 6.4+0.3 62.3+2.2

1000 2 Milled 97.5+0.3 40+0.6 517 +2.7
Non-milled 97.1+0.2 3.8+0.6 447 +2.2

Phase composition of sintered bodies

After densification, the phase compositions of sintered bodies were investigated using the XRD analysis.
Diffractograms confirmed the presence of monophasic orthorhombic Al;W30:, [114], irrespective
of the sintering method or temperature. Fig. 14 shows the XRD patterns of sintered samples from
non-milled powder densified by RPLS and SPS (850 and 1000 °C).
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Fig. 14 XRD patterns of samples sintered by RPLS and SPS [150].

Microstructure

The microstructure of sintered samples was studied by SEM to investigate the influence of selected
sintering methods on grain size and microcracking. Fig. 15a shows a representative microstructure
of the RPLS samples. Coarse elongated grains 50 to 150 um in length contained intragranular pores
and several microcracks (white arrows) and were surrounded by larger intergranular porosity. SPS samples
sintered at 1000 °C (Fig. 15b) also contained coarse elongated grains with microcracks (white arrows)
and some intragranular pores. Nevertheless, clusters of the original fine particles were still present.
The tendency for abnormal grain growth (AGG) has been observed mainly for nanometric starting powders
at temperatures as low as 800-900 °C [167,168], which could explain the current results. However, other
reports demonstrated finer microstructures even at temperatures above 1000 °C [21,60]. The mentioned
microcracking was caused by the CTE anisotropy of Al;W30:2 [21], which was facilitated by coarse
and elongated grains. The lower sintering temperature of 850 °C preserved a finer microstructure that
prevented microcracking, and only submicron grains (~400 nm) were observed (Fig. 15c, note the different
scale bar). Obtaining dense, fine-grained, and crack-free microstructure is crucial for possible application

of thermomiotic ceramic materials in applications requiring resistance to thermal shock.
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Fig. 15 SEM micrographs of Al.W301, samples from milled powder sintered by a) RPLS with 10 min
dwell time, b) SPS at 1000 °C, and c¢) SPS at 850 °C (note the different scalebar). White arrows indicate

microcracks, and black arrows mark preserved clusters of finer grains [150].

Due to the non-circular grain shape in some samples, the grain area appears to be a better indicator
of the state of the microstructure than the grain size. Fig. 16 shows the cumulative count of grain area
in all sintered samples. RPLS samples contained submicron grains up to coarse grains with areas
of hundreds of um? in cross-section, as shown by SEM (Fig. 16a). A shorter dwell time and milling
of the powder before sintering resulted in a slightly finer microstructure (curves are shifted to the left).
The clustered microstructure of the SPS sample sintered at 1000 °C is represented by a significant fraction
of grains below 10 pm?with a small fraction of abnormal grains above 100 um?. The SPS sample sintered

at 850 °C had a narrow microstructure with fine grains well below 1 um?,
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Fig. 16 Cumulative grain area distributions of sintered Al,Ws01. samples [150].
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Coefficient of thermal expansion

Dense ceramic bodies with near-zero CTE were one of the main objectives of this sub-chapter. The CTE
of selected RPLS and SPS samples was measured and calculated according to Equation 1 in the direction
of the applied pressure during uniaxial pressing or sintering (z-axis) and perpendicular to it (x-, y-axes).
Both measured RPLS samples had CTEs between 1.2-10° K and 1.9-10° K* (Table 5), and there was
no apparent significant difference between the measurement directions. The CTE values agree with
previous reports for polycrystalline [21,60] and single crystal Al.W301, [169]. Both SPS samples showed
a significant difference between z and x, y CTE, especially after sintering at 1000 °C. Abnormal
and elongated grains in the microstructure resulted in CTE in the X, y direction of 6.2:10° K. This value
was in agreement with the reports of polycrystalline Al;W301, between 6.0-10° K [114] and 6.6-10° K!
[159] in the a-axis direction in the Pbcn space group and even approached the single crystal CTE (8.3-10°
K1) in the a-axis direction [169]. The lower x, y CTE agrees with the b- and c-axis CTE of a single crystal
[169]. The smaller CTE difference in the SPS sample sintered at 850 °C was probably due to the absence

of abnormal and elongated grains in the microstructure.

Table 5 CTEs of selected samples measured in z-axis (direction of applied pressure during
uniaxial pressing or SPS) and along x-, y-axes (direction perpendicular to applied pressure) [150].

Sample CTE[- 108 KY]
RPLS-milled-60 min-z 1.6
RPLS-milled-60 min-xy 1.2
RPLS-non-milled-60 min-z 1.7
RPLS-non-milled-60 min-xy 1.9
SPS-milled-850 °C-z 4.2
SPS-milled -850 °C-xy 2.2
SPS-milled-1000 °C-z 6.2
SPS-milled-1000 °C-xy 1.4

Mechanical properties

Finally, the evaluation of mechanical properties also demonstrated the differences between selected
sintering techniques in terms of the material’s performance. The Vickers hardness HV0.1 and Young’s
modulus obtained from an instrumented hardness testing machine are given in Table 4. The HVO0.1
of the RPLS samples ranged from 3.8 to 3.9 GPa, and Young’s modulus was between 42.8 and 46.8 GPa.
Due to their similar microstructures, the SPS sample sintered at 1000 °C had mechanical properties similar

to those of the RPLS samples. However, the lower sintering temperature of 850 °C during SPS yielded fine
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grain samples and consequently, their mechanical properties improved due to the Hall-Petch effect [170].
HV0.1 reached 6.9 GPa, and Young’s modulus 64.0 GPa.

Conclusions of the sub-chapter

AlW301, ceramics have been produced with the highest density to date. This was achieved
by optimising powder synthesis, calcination temperature, milling, and sintering. Co-precipitation yielded
high-purity amorphous powder with a large surface area. Different calcination temperatures resulted
in Al,W3012 powders with various levels of structural order and oxygen vacancy content. Planetary ball
milling of the calcined powder slightly increased the surface area and removed most of the agglomerates,
resulting in a higher density of the green bodies. The RPLS and SPS were used to densify the samples
up to 98% of TD. The different state of the microstructure based on the selected sintering temperature
influenced the mechanical properties. The best performance was recorded for fine-grained samples
produced by SPS at 850 °C, showcasing possible processing conditions for production of thermomiotic
materials for advanced applications. The study of oxygen vacancies in the calcined powders was published
in The Journal of Physical Chemistry C (Q1, ref [155]) and the rapid sintering study was published
in the Journal of the European Ceramic Society (Q1, ref [150]).

41



5.3 Microstructural evolution of barium titanate under non-conventional sintering

conditions

This sub-chapter examines the microstructural evolution of BaTiOsz densified by RPLS
and radiation-assisted sintering, two rapid sintering methods without applied pressure. Dry-pressed green
body samples were sintered at different sintering temperatures with a heating rate of 100 °C/min and dwell
times of 5 and 15 min in RPLS and radiation-assisted sintering, respectively. The samples were evaluated

in terms of microstructure and density.
Rapid pressure-less sintering

The microstructural evolution of barium titanate is an important topic because its dielectric
and piezoelectric properties strongly depend on the grain size [39,40]. It is known that barium titanate tends
to undergo abnormal grain growth, where the GB mobility of some grains is significantly higher [171] and
AGG can occur in a relatively narrow temperature window [172]. Table 6 documents that no abnormal
grains were visible in the sample sintered at 1200-1210 °C. With increasing sintering temperature,
the proportion of abnormal grains in the microstructure increased to ~10, 60, and 95% for 1220, 1230,
and 1240 °C, respectively. SEM micrographs show the microstructure of the 1220 °C sample (Fig. 18a).
White arrows indicate several clusters of abnormal grains. Black arrows in the sample sintered at 1240 °C
in Fig. 18b indicate remaining clusters of fine grains. Most of the AGG was thus concentrated in the narrow
temperature range 1220-1240 °C, whilst the original fine grain population remained below 1 pm.
Non-Arrhenius behaviour of some grain boundaries, probably caused by small structural and stoichiometric
deviations, led to unrestricted grain growth until the abnormal grains started to impinge on each other [172].
At higher sintering temperatures above 1250 °C, the microstructure reverted to normal grain growth

and consisted only of ~35 um coarse grains.
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Table 6 MGS of fine grains, abnormal grains and share of abnormal grains in the microstructure as a
function of sintering temperature and sintering method.

Sintering  Sintering MGS of fine MGS of abnormal Abnormal grains share [%]

method temperature [°C]  grains [um] grains [um]

RPLS 1200 0.7+£0.1 - 0
1210 0.7+£0.1 - 0
1220 0.8+0.1 18.0+5.1 10
1230 1.0+0.1 37.3+4.9 70
1240 1.2+0.1 24.8+3.0 95
1250 - 25.0%+3.6 99
1300 - 35.1+3.9 100

Radiation- 1325 1.2+01 - 0

assisted 1350 1.3+0.1 32.0+5.1 25

sintering 1375 1.3+0.1 39.4+138 75
1400 - 63.8 £10.3 100

The relative densities of RPLS samples were above 94% of TD even at the lowest sintering temperatures
and reached ~98% of TD for samples sintered at 1200-1240 °C (see Fig. 17). These values are comparable
to or exceed those reported for conventionally sintered BaTiOs without the applied pressure [41,52].
As discussed in sub-chapters 5.1 and 5.2, high heating rates are crucial for the densification-promoting
mechanisms of surface diffusion inhibition [89], early activation of lattice and GB diffusion [88],
and densification front formation [90]. With an increased sintering temperature of 1300 °C, the relative
densities decreased to ~95% of TD. The occurrence of AGG could explain the decrease in density because

GB moved faster than pores [173] and intragranular porosity increased [174].
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Fig. 17 Relative density as a function of sintering temperature for RPLS and radiation-assisted sintered

BaTiOz; samples.
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Radiation-assisted sintering

Similar to the RPLS samples, the radiation-assisted sintered samples experienced AGG in a narrow
temperature range starting at 1350 °C, as documented in Table 6. At the lower temperature of 1325 °C,
only fine ~1.3 um grain microstructure was present, which was gradually replaced by abnormal grains with
increasing temperature (see Fig. 18c for 1375 °C sample), and at 1400 °C only coarse ~63 um grain
microstructure remained. At this high temperature, a secondary phase was observed at triple junctions
of coarse grains, as indicated by cyan arrows in Fig. 18d. A wetting secondary phase at GB has been
reported in titanates when heating above the eutectic temperature [175]. The eutectic temperature
of 1332 °C of the BaO-TiO; system [176] was probably exceeded in the bulk sample, and Ti-rich higher
barium titanate remained at GB after cooling.

Radiation-assisted sintering used higher temperatures than RPLS and obtained higher densities
up to ~99% of TD at 1375 and 1400 °C. Relative densities of 72 and 91% of TD were measured in samples
sintered at 1250 and 1300 °C, respectively (not shown here). This direct comparison with RPLS samples
sintered at 1250 and 1300 °C showed significantly higher sample densification, probably due to the different
temperature fields and, most importantly, the way of measuring the temperature during sintering. In RPLS,
the thermocouple was directly next to the samples and the temperature could be precisely controlled.
In contrast, in radiation-assisted sintering the pyrometer was aimed at the hole in the crucible
and the temperature was measured on the inner wall of the crucible. Using shorter dwell times than 15 min
for RPLS (as was the case of radiation-assisted sintering 5 min dwell) was disadvantageous
as the experiments with 5 min dwell RPLS produced samples ~0.5% less dense than the 15 min dwell

shown here.
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Fig. 18 SEM micrographs of BaTiOs a) sample sintered by RPLS at 1220 °C with white arrows
indicating abnormal grains, b) sample sintered by RPLS at 1240 °C with black arrows indicating remaining
fine grains, c¢) radiation-assisted sintered sample at 1375 °C (note different scalebar),
and d) radiation-assisted sintered sample at 1400 °C with cyan arrows indicating secondary phase at triple

points.

Conclusions of the sub-chapter

This sub-chapter describes the microstructural evolution and densification of BaTiOs; under
non-conventional rapid sintering methods, such as RPLS and radiation-assisted sintering. Abnormal grain
growth was observed in both cases but at different temperature ranges. This was probably due to differences
in heat transfer and the manner of temperature measurement. Dense BaTiOs; samples were obtained by both
methods, even when high heating rates and short dwell times were used. The knowledge gained in this
sub-chapter could be useful for production of piezoceramic materials for advanced applications, using rapid
sintering methods which require fraction of a time and energy compared to their conventional counterparts.
It will also be used in the following sub-chapter, which focuses on fabricating BaTiOs-based particle

composites.
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5.4 Barium titanate-based particle composites

This sub-chapter investigates the influence of the Al,O3; and ZrO; dielectric phases in the BaTiOs matrix
on the mechanical and electrical performance of such composites. Mixed powders (3, 5, and 10 vol.%
of reinforcing phase) were ball milled for 24 h to ensure good homogenisation. The powders were uniaxially
pressed and ClPed, and pellets were sintered by RPLS with a dwell time of 15 min at 1250 °C and a heating
rate of 100 °C/min. The sintered composites were characterised in terms of microstructure, phase

composition, density, piezoelectric properties, and fracture toughness.
Microstructure

Overview and detailed SEM micrographs of pure BaTiOs standard and selected composite samples are
shown in Fig. 19. Pure barium titanate (Fig. 19a,b) contained coarse grains (~25 pm) with large
intergranular and small intragranular pores. The microstructure of Al,Os-reinforced BaTiOs (see Fig. 19¢,d)
consisted of fine grains (~0.5 um) of two distinct phases containing heavier (brighter grains) and lighter
elements (darker grains). In addition, small clusters of even brighter grains were observed at several points
on the surface, as indicated by the white arrows. The microstructure of the ZrO,-reinforced BaTiOs;
(see Fig. 19e,f) again consisted mainly of fine grains (~0.5 um) with slightly varying shades of grey,
indicating an inhomogeneous chemical composition. In particular, elongated secondary phase artefacts
were scattered throughout the microstructure (marked with black arrows). The chemical and phase

composition of these microstructures will be discussed in the next section.
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Fig. 19 SEM micrographs (BSE contrast) of a,b) pure BaTiOs, ¢,d) 10 vol.% Al,Os-reinforced BaTiO3
with white arrows indicating the brighter phase, and e,f) 5 vol.% ZrO,-reinforced BaTiO3 with black arrows
indicating the darker phase.

Chemical and phase composition

When dealing with BaTiOz-based particle composites, focus must be placed on the chemical and phase
composition, as these significantly impact the ceramic composite’s performance in advanced applications.
In the case of Al,O3 or ZrO»-reinforced BaTiOs, several reaction products can be expected. Both Al and Zr
cations could incorporate into the B-site of the BaTiOs lattice, resulting in the release of the excess TiO-,
which reacts with BaTiOs to form BasTi17040[177,178]. Higher amounts of Al,Os in the system react with
BaTiOs, BaO, TiO, and BasTi17040 to form BaAl,O4 and BasTi10Al,O27 [177] and even higher amount can
lead to formation of BaTiAlgO1. [179]. On the other hand, the addition of ZrO; leads to the formation
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of BaZrOs; and Ba(Ti, Zr)O; solid solution [178]. The presence of these reaction products was investigated
by EDX and XRD analyses.

EDX mapping of Al in 10 vol.% Al;Os-reinforced BaTiOs (see Fig. 20) shows that Al was generally
more abundant in locations that appear darker in the BSE contrast. These spots might be attributed
to the BaeTi17040, BaA|204, and Ba4Ti10AI2027 phases [177]

Fig. 20 SEM micrograph (a) with EDX maps showing the distribution of Al (b) in the microstructure
of 10 vol.% of Al,Os-reinforced BaTiOs.

EDX mapping of Zr (Fig. 21b) and Ti (Fig. 21c) in 5 vol.% ZrO,-reinforced BaTiOs shows that
the secondary darker phase contained higher concentrations of Zr and Ti. However, the dispersion of Zr
was not restricted to this phase. Previous data reported by Luet al. [178] and Armstrong et al. [180]
on BaTiOs + ZrO; sintering experiments with several orders of magnitude longer dwell times have shown
that Zr was thoroughly dispersed in the BaTiOs matrix, which resulted in reduced tetragonality of BaTiOs.
The present work aimed to preserve the tetragonal BaTiOs for its piezoelectric performance by employing
rapid sintering cycles with shorter dwell times, which would hinder the diffusion of added cations.

The phase composition analysis will be discussed in the next section.

Fig. 21 SEM micrograph (a) with EDX maps showing the distribution of Zr (b), and Ti (c)
in the microstructure of 5 vol.% of ZrO,-reinforced BaTiOs.
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The influence of the added phases and the extent of the reaction on the phase composition of the particle
composites was analysed by XRD. Fig. 22a-c shows the diffraction patterns of Al,Os-reinforced BaTiOs.
Minority phase peaks between 28 and 34° 20 have been attributed to BaAl.O, (#ICSD 021080)
and BasTi1oAlO7 (#1ICSD 087085) [177] (see Fig. 22b). Note that residual Bas Ti17040 may still be present
in the samples [177], but its diffraction pattern overlaps with that of BasTiioAlO27. A detailed view
of the split (002) and (200) peaks around 45° 20, characteristic for tetragonal BaTiOs, in Fig. 22¢ shows
that the peak splitting decreased slightly but was still preserved with increasing Al.Os; content.
This information is important for the viability of the prepared composites as piezoceramics.
The tetragonality of BaTiOs, expressed in terms of the c/a ratio of the lattice parameters, decreased from
1.0103 (BaTiOs3) to 1.0060 (10 vol.% Al,O3), which is in agreement with the literature [52] and Raman

spectroscopy results (not shown here).

Diffractograms of ZrO,-reinforced BaTiOs are shown in Fig. 22d. A detailed view at 26-36° 26 region
(Fig. 22e) confirms the presence of the reaction product Ba,ZrO, (#1ICSD 039707) or BaZrOs; [178]
and ZrO, (#1CSD 068589, at the highest concentration of reinforcing phase). The Ba,ZrO4/BaZrO; phases
should be related to the presence of the Ti-rich phase BasTi17040 [178], which was not detected by XRD
due to the detection limit of the technique. The most notable change in the diffractograms was the gradual
splitting of the (101) BaTiOs peak into two, with a distinct cubic barium titanate (#ICSD 028853) peak
at lower angle. It has been reported that the cubic phase content increases with the addition of ZrO, [178].
This was investigated by looking at the 44-46° 26 region (Fig. 22f) where the original tetragonal BaTiOs,
with distinctly split (002) and (200) peaks, was gradually replaced by a mixture of more BaTiOs structural
phases. Even with 3 vol.% ZrO, added, the amount of tetragonal BaTiOs; was significantly reduced and
the majority was orthorhombic phase. The tetragonal phase disappeared completely at higher ZrO,
concentrations, and the samples consisted mainly of orthorhombic and cubic BaTiO; accompanied
by the minority phases mentioned above. The expected presence of Ba(Ti, Zr)O; solid solution [178]
in the microstructure cannot be conclusively demonstrated by XRD due to the similarity of the diffraction
patterns with BaTiOs. However, changes in the 44-46° 26 region suggest its existence, as it tends to occupy
cubic, orthorhombic, and even rhombohedral symmetry at room temperature, depending on the amount
of Zr in the lattice [181]. The BaZrOs diffraction pattern is similar to cubic BaTiOs, making refinement
challenging. The peaks in the 44-46° 26 region shifted to lower angles after adding ZrO,, as previously
reported [173]. This was caused by the accommodation of larger Zr** (0.720 A) ions in Ti** (0.605 A) sites
[182] in the TiOg octahedra [183].
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Fig. 22 XRD patterns of BaTiOs ceramics reinforced with a-c) Al.Osz and d-f) ZrO..

Relative density

In addition to evaluating the microstructure and phase composition, densification also plays a key role

in the mechanical and electrical performance of prepared ceramic composites. The relative densities

(calculated by the mixing rule) of BaTiOs-based particle composites after sintering by RPLS at 1250 °C

are shown in Fig. 23. The exact theoretical density depends on the phase composition of the composite,
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but the relatively small amount of detected secondary phases (discussed above) could not dramatically
affect the theoretical density of the composites, and the calculated values can be considered realistic. Pure
BaTiOs reached 96% of TD, as discussed in more detail in sub-chapter 5.3. Al,Os-reinforced barium titanate
exhibited a minor increase to 97% of TD (3 vol.%), followed by a decrease below 95% of TD (10 vol.%).
A similar trend was reported in the literature [52,58]. On the other hand, ZrO; in the microstructure
inhibited the sintering, and the density dropped to 76% of TD (10 vol.%). It is evident that a rapid sintering
cycle chosen to eliminate chemical reactions in the composite was insufficient to densify
the ZrO,-reinforced barium titanate. Therefore, ZrO,-reinforced BaTiO; samples were excluded from
further piezoelectric and fracture toughness analyses due to their low density, inappropriate phase

composition, and inhomogeneous microstructure.
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Fig. 23 Relative density of BaTiOs-based sintered ceramics reinforced with Al:O3 or ZrOs.

Piezoelectric properties

The piezoelectric coefficient ds3 of the prepared Al,Os-reinforced composites was measured to establish
the role of phase composition and microstructure on the piezoelectric performance. Fig. 24 shows that
the BaTiO; standard had dss = 180 pC/N. This value is usual for coarse-grained BaTiOs; [184],
but the highest reported values for BaTiOs are in the range of 250-519 pC/N [39,184-187] if the optimal
grain size ~1 um is reached [39,184,187]. The present BaTiOs had the MGS ~25 um (sub-chapter 5.3).
The composites with added Al,Os experienced a significant decrease to values below 10 pC/N in the sample
with the highest concentration. This may be explained by the stoichiometric imbalance in BaTiOs, which

reduces tetragonality and negatively affects electric properties [56].
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Fig. 24 Piezoelectric coefficient ds; of Al,Os-reinforced BaTiOs sintered composites.

Mechanical properties

The main focus of the sub-chapter lies in improving the mechanical properties of BaTiOs;
by adding tougher ceramics. Reinforcing phases should provide toughness benefits through various
toughening mechanisms [188]; however, the SEM micrograph of the indentation crack propagating through
the microstructure of the 5 vol.% Al,Os-reinforced BaTiOs (see Fig. 25) showed no evidence of toughening
when interacting with the secondary phase particle (darker colour). Crack deflection, bridging, or branching
toughening mechanisms [188] were not observed. To quantify the influence of the secondary phase
on the fracture resistance of the material, the fracture toughness of the prepared Al,Os-reinforced

composites was measured.

Fig. 25 Propagating crack through the 5 vol.% Al,Os-reinforced BaTiOs.

Table 7 shows the fracture toughness of BaTiOsz with added Al.Os, including both standards (BaTiOs
and Al,Os). Previous reports on fracture toughness of the BaTiOs; resulted in Kic around 1 MPa-mY?
[189,190]. The current fracture toughness of the pure BaTiOs; sample was 0.83 + 0.04 MPa-m*?, slightly
lower, probably due to the coarse microstructure. The addition of Al.Os into BaTiOs matrix led to lower

52



fracture toughness associated with the presence of secondary phases. The alumina standard reached

~3.3 MPa-m¥2, which is a typical value [191].

Table 7 Fracture toughness of BaTiOs-based sintered ceramics reinforced with AlOs.

Sample Kic [MPa-m'?]
BaTiO; 0.83+0.04
3 vol.% Al,O3 0.65 + 0.06
5 vol.% Al,O3 0.70 £ 0.06
10 vol.% Al,O4 0.63 £ 0.09
Al;Os 3.33+£0.18

Conclusions of the sub-chapter

This sub-chapter has focused on optimising the sintering and phase composition of BaTiOs-based
particle composites. Heat treatment by RPLS was used to inhibit the system’s reactivity by high heating
rate and short dwell time. However, even under these conditions, secondary phases appeared,
and no residual alumina was detected in the case of Al.Os-reinforced samples. On the other hand,
the presence of zirconia strongly inhibited the densification of the samples. As a result, piezoelectric
performance and fracture toughness were reduced. Reaction products clearly play an important role,
and their proper characterisation could provide essential information. The following sub-chapter will focus

on one of the previously uncharacterised reaction products of barium titanate and alumina: BaTiAlsO12.
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5.5 Barium titanate and alumina reaction product: BaTiAlsO12

The reaction products in the BaTiOs/AlO; particle composite profoundly influence the system’s
properties and performance, as discussed in the previous sub-chapter. Accurate characterisation of these
new phases is essential for material design and optimisation of processing steps. The spinel phase BaAl2Os4,
often mentioned in the last sub-chapter, has already been described in detail [192-194]. Another important
reaction product in composites with a higher content of alumina, BaTiAlsO1, [12,51,54,59], still lacks
fundamental characterisation. Therefore, this sub-chapter explores the properties of BaTiAlsO12, prepared
by a solid-state reaction. The phase transformation process was monitored by high-temperature dilatometry
and evaluated by XRD. The fundamental microstructural, mechanical, and electrical properties of sintered

monophasic BaTiAlsO1, were discussed.
Dilatometry and phase evolution

Dry pressed green bodies consisting of a planetary ball-milled 3:1 molar ratio of Al,03:BaTiOs
(66.4:33.6 vol.%) were sintered in a high-temperature dilatometer up to 1450 °C to investigate
the solid-state reaction. The shrinkage (black) and shrinkage rate (first derivative, grey) curves show
two significant events related to the phase composition change during sintering (see Fig. 26). The first event
(cyan underpainting) occurred between 1139-1184 °C, followed by the second event (green underpainting)
between 1278-1351 °C. To understand the evolution of the phase composition, the complementary XRD

analyses of samples sintered at different temperatures (green body, 1250, and 1450 °C) were conducted.
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Fig. 26 Dilatometric data from sintering a 3:1 molar ratio of Al,O3:BaTiOzgreen body.

The XRD patterns describing the stages of the solid-state reaction are shown in Fig. 27. The green body
diffractogram confirms the presence of Al.O; (#ICSD 031545) and BaTiO; (#ICSD 067520)
in the appropriate proportions. The pattern obtained from the sample sintered at 1250 °C (after the first
phase transformation, see Fig. 26) shows many coexisting phases. Preserved Al,O3; and BaAl.O4 (#1CSD
021080) formed the majority of the sample, and the minor phases included BaTiAlsO1, (#1CSD 062213),
BasTiwAl,O2; (#ICSD 087085), and BasTiAl1O4 (#ICSD 062214). The XRD pattern of the sample after

the second phase transformation event (Fig. 26) shows only peaks belonging to orthorhombic BaTiAlgO1..
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Fig. 27 XRD patterns of 3:1 molar ratio of Al,O3:BaTiO3green body, samples conventionally sintered
at 1250 °C and 1450 °C, and sample sintered by SPS at 1450 °C.

Going back to Fig. 26, only a small shrinkage of 1.8% was recorded during sintering and the green body
was densified from 59.6% of TD only to 77.2% of TD. Therefore, the pressure-assisted sintering method
SPS was used to prepare fully dense BaTiAlsO12 (> 99.0% of TD), which is more convenient for further
analyses. The XRD pattern of the SPS sample in Fig. 27 confirms BaTiAlsO1, in the microstructure,

indicating that both phase transformation events occurred.

One of the main causes of cracking in ceramic composites combining Al.O; and BaTiOs is the CTE
mismatch. To better understand this phenomenon, the CTE of the reaction product BaTiAlsO1, was
investigated. The CTE of the SPS sintered sample was measured and calculated according to Equation 1
along the x, y-axis (perpendicular to the applied pressure) and z-axis (parallel to the applied pressure).
The CTE in x, y direction was 8.35-10° K*and in z direction was 7.20-10° K™X. The slight difference may
indicate CTE anisotropy and potentially grain crystallographic anisotropy, which will be further discussed.
The measured values are more similar to the CTE of alumina (8-10° K [195]) than to BaTiO3 (11:10° K'*
[12,196]).
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Microstructure

EBSD analysis revealed the presence of elongated grains with varying crystallographic orientations (see
Fig. 28a). The pressure applied during SPS could cause grain elongation, similar to Al;Ws0 discussed
in sub-chapter 5.2. The grain size distribution in Fig. 28b confirms a normal distribution with dso = 20.2 um.
Detailed EBSD and SEM analyses (Fig. 28c,d) of a triple-junction point revealed the presence
of the remaining secondary phase (white arrow). This observation contradicted the XRD analysis, where
no secondary phase was detected. Therefore, an image analysis was performed to calculate its relative
representation in the microstructure. The calculated amount of 2.5% was below the resolution limit
of the XRD analysis. Based on the EBSD data, the secondary phase was estimated as monoclinic
BasTiAl100z.

10 20 30 40
Grain size [pum]

10 pm

Fig. 28 Microstructure of sintered BaTiAlsO1. shown in a) EBSD map with marked grains, b) grain size
distribution, ¢) detailed EBSD map and d) SEM image showing the secondary phase (marked with white

arrow) at the triple-point.
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Mechanical properties

The indentation size effect of the BaTiAlsO1. was studied by various loads (0.98 — 49.03 N) using
the Vickers indentor. The dependence of indentation hardness (calculated from the indentation depth)
and indentation elastic modulus are shown in Fig. 29. Typical curve shapes were recorded [197] with
plateau appearing at loads above 10 N. Indentation hardness stabilised above 10 GPa and elastic modulus
above 130 GPa. The impulse excitation method showed Young’s modulus value of 179.00 + 0.08 GPa,
corresponding to the values obtained by low indentation load. The impulse excitation generally provides
higher values than mechanical deformation methods and is more comparable to nanoindentation [198].
The calculated shear modulus was 69.50 + 0.05 GPa and Poisson’s ratio was 0.290 £+ 0.001. Elastic
properties of BaTiAls012 are higher than the BaTiO; but are well below the typical values for Al,O3
[199,200]. Similarly, the three-point bending test flexural strength was 129.90 + 4.57 MPa, which is above
the value around 100 MPa reported for BaTiO3[199] but significantly lower compared to 480 MPa of Al,Os;
[201].
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applied load.
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The toughness of Al,Os-reinforced BaTiOsz ceramic composites depends not only on the toughness
of the starting phases but also on their reaction products. For this reason, the fracture toughness
of BaTiAlsO1, was measured and reached the value of 1.80 + 0.15 MPa-m¥2, Compared with the fracture
toughness of BaTiOs reinforced with various amounts of finely dispersed Al.Os; (sub-chapter 5.4),
it is apparent that the BaTiAlsO1. (66 vol.% of Al.Os) dramatically increased the Kic from below
1 MPa-m*? and fits reasonably well to the second order polynomial fit (see Fig. 30). The overall better

mechanical properties of BaTiAlgO1. than BaTiO; could be advantageous, when formed on BaTiOs/Al,O3

interfaces.
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Fig. 30 Fracture toughness of Al,Os-reinforced BaTiO; ceramics.

Electrical properties

Similar to the mechanical and thermal expansion properties of BaTiAlsO12, its electrical properties also
play an important role in the final performance of the ceramic composite. Fig. 31 shows the & and tan ¢
as a function of frequency. BaTiAlsO1. exhibited a low & = 16.0 at a frequency of 1 kHz. By lowering
the frequency to 10 mHz, & increased slightly to 16.5. The tan & showed similar behaviour. At the lowest
frequency of 10 mHz, the loss was 0.0350 and with increasing frequency, it gradually decreased
to a minimum value ~0.0001. The measured & was slightly higher than 10 for alumina [202]
but significantly lower than the maximum values reported for BaTiOs in the range of 5000-10000
[40,185,203,204].
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Fig. 31 The frequency dependence of & and tan 6.

Conclusions of the sub-chapter

This sub-chapter has aimed to describe the fundamental material properties of the BaTiAlsO1, phase,
a reaction product in BaTiOs/Al,O3; composites. It has been shown that under conventional sintering
conditions, the BaTiOs/Al,O3 powder mixture undergoes two notable phase transformations with pure
BaTiAlsO12 present at 1450 °C. SPS was used to achieve a fully dense ceramic body. The grains were
distorted due to the applied pressure. Mechanical properties were improved compared to pure BaTiO3
or BaTiOs-based composites with lower concentrations of Al.Os, as discussed in sub-chapter 5.4. Electrical
properties showed that BaTiAlsO1, is a relatively poor dielectric with low relative permittivity. Al,O3
is not the only oxide ceramic that reacts with barium titanate in ceramic composites. As was mentioned
in the sub-chapter 5.4, ZrO,, frequently used structural ceramics, can strongly react with BaTiOs.
The following sub-chapter focuses on piezoelectric/dielectric laminated composites prepared by EPD

and introduces BCZT to eliminate chemical reactions with reinforcing ZrO, layers.
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5.6 Barium titanate and barium calcium zirconate titanate-based laminated composites

This sub-chapter builds on previously acquired knowledge about BaTiOs-based composites and focuses
on the fabrication and characterisation of laminated composites combining BaTiOs or BCZT with ZrO,
layers. The EPD was used to control the layer thickness precisely. The deposits were sintered
conventionally and by SPS. The microstructure, chemical composition, phase composition, and mechanical

properties of laminated composites were characterised.
Electrophoretic deposition

The deposition process of each ceramic material was optimised based on previous reports [13,44,115]
to obtain similar green densities: 44.7 + 0.1% of TD (BaTiOs), 46.7 + 0.1% of TD (BCZT),and 47.4 + 0.1%
of TD (ZrO,). It is one of the principal conditions used to avoid delamination in a multi-layered ceramic
composite, which would reduce its mechanical and electrical performance. Another important factor
affecting the laminate coherence is the CTE mismatch between the materials. BaTiO; and BCZT have CTE
11.0-10° K1 [12,196] whilst ZrO, has 10.3-10° K [13], which is reasonably similar. Moreover, kinetic
data acquired during such depositions enabled the calculation of precise deposition times to control
the thickness of the individual layers [115].

Microstructure

SEM images of the microstructure of conventionally sintered laminates in Fig. 32a and Fig. 32¢ show
BaTiOs/ZrO; (1300 °C) and BCZT/ZrO, (1500 °C) composites, respectively. Fig. 32a shows that even
the small CTE mismatch between well-defined 60 um thick layers was too high, and BaTiOs (brighter
layers) developed cracks perpendicular to the interface. In addition, the sintering temperature of 1300 °C
was chosen for the densification of ZrO; but is rather high for BaTiOs, as discussed in sub-chapter 5.3
and the literature [172]. The microstructure was coarsened, and the strong reaction between the materials
(discussed below) adversely affected the BaTiOz layers. Similarly, Fig. 32c shows that the optimal sintering
temperature of 1500 °C for BCZT [46] was too high, the microstructure coarsened, the materials reacted,

porosity and cracks appeared, and it was difficult to distinguish the individual layers.

Sintering the same laminates by SPS at lower temperatures (1250 °C for BaTiO3s/ZrO; and 1350 °C
for BCZT/ZrO; laminates) eliminated most problems and produced well-defined ~25 pm thick layers.

The BaTiO3/ZrO; laminate still contained some reaction zones (see Fig. 32b), whilst BCZT/ZrO, laminate
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showed no reaction during sintering (see Fig. 32d). However, slight interlayer contamination was present
in both composites, probably due to the EPD process.

Fig. 32 SEM micrographs of a,b) BaTiOs/ZrO, and c,d) BCZT/ZrO, laminates after sintering
conventionally and using SPS [205].

Chemical and phase composition

The chemical composition was analysed across the layer boundaries by EDX (see Fig. 33), except
for the conventionally sintered BCZT/ZrO, laminate, which was excluded from further analyses
due to its microstructure (see Fig. 32c). The EDX line scan of the conventionally sintered BaTiOs/ZrO,
laminate in Fig. 33a confirms a strong chemical reaction at the interface. Zr** cations have substituted Ti**
at B-sites in the perovskite structure of BaTiOs [178] to form Ba-rich BaZrOs. Exsolved TiO; could then
react with BaTiOs; and BaZrOjs to form Ti-rich BagTii17O40 and solid solution Ba(Ti, Zr)Os [178]. Note that
some Ba and Ti atoms were detected even deeper in the ZrO, layer. A comparable situation, but to a lesser
extent, was observed in the BaTiOs/ZrO; laminate sintered by SPS. The EDX line scan through the entire
original BaTiOs layer in Fig. 33b shows that Ba-rich (brighter) and Ti-rich (darker) areas were present,
and ~5 at.% of Zr is detected throughout the layer. On the other hand, the BCZT/ZrO, laminate sintered
by SPS showed no detectable reaction (see Fig. 33c). This is probably due to the combination of relatively
low sintering temperature for BCZT and the fact that BCZT is already partially saturated with Zr** cations.
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Fig. 33 EDX line scans of a,b) conventionally sintered BaTiOs/ZrO; laminate; c,d) BaTiOs/ZrO;
and e,f) BCZT/ZrO; laminates sintered using SPS [205].

Phase composition

The local phase composition was analysed using Raman spectroscopy. Superimposed intensity maps
with corresponding spectra are shown in Fig. 34. The intensity of the maps was based on the peak intensity
at ~510 cm™ belonging to the A;(TO) vibrational mode of BaTiOs. Fig. 34a,b shows the Raman mapping
of conventionally sintered BaTiOs/ZrO,. The spectrum measured at the ZrO, layer (spot 1) contained
6 active modes at 152, 265, 321, 468, 610, and 646 cm™ of tetragonal ZrO, [206]. Other selected regions
of interest from the BaTiOs layer had spectra typical for ferroelectric BaTiOs; with varying degrees
of intensity of peak around 307 cm of the B,+E(LO+TO) vibrational mode, which is typical for tetragonal,
orthorhombic, and rhombohedral BaTiO; [207], and the negative peak at 180 cm™, which is related
to tetragonal BaTiOsz [208,209] (both indicated by black arrows). The BaTiOs; layer reacted with
the surrounding ZrO,, as evidenced by SEM and EDX. However, cubic BaTiOs was insignificant
in the microstructure, based on Raman spectra.
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Fig. 34c,d shows the Raman mapping and spectra of the BaTiO3/ZrO, laminate sintered using SPS.
The ZrO, layer measured at spot 1 showed a typical spectrum for tetragonal ZrO, [206]. The situation
in the BaTiOs layer was more complicated, and spectra from spots 2—4 differed. Spot 2 exhibited a typical
spectrum of cubic BaTiOs; with two low-intensity broad bands centred around 260 and 530 cm™,
and completely lacked the characteristic sharp peak around 307 cm™ of the B:+E(LO+TO) vibrational mode
[207]. Spot 3 exhibited higher intensity spectrum typical for tetragonal BaTiO; stable at room temperature.
However, sharp peak around 307 cm™ was still missing and cubic BaTiOs was probably still present
in the microstructure. Spot 4, located in the darker Ti-rich phase, showed no Raman signal, and contained

only noise. This was probably caused by a complicated crystal structure with defects [192].

Fig. 34e,f shows the Raman mapping and spectra of the BCZT/ZrO; laminate sintered using SPS. In this
case, there were only two regions: spot 1 in the ZrO; layer and spot 2 in the BCZT layer. The Raman signal
in the ZrO-, layer was again typical for tetragonal ZrO,[206]. Raman spectra collected from the BCZT layer
exhibited a signal typical for tetragonal BCZT [210] with most prominent modes at 176, 290, 522,
and 725 cm, marked by grey arrows. Notably, the peak at 490 cm™ attributed to orthorhombic BCZT was
missing. The co-existence of tetragonal-orthorhombic BCZT at room temperature has been reported several
times [42,47,100] but tetragonal BCZT has also been observed [210,211]. The influence of chemical
and phase composition on mechanical properties is discussed in the next paragraph.
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Fig. 34 Raman maps and spectra from the selected spots of a,b) conventionally sintered BaTiOs/ZrO;
laminate; ¢,d) BaTiOs/ZrO; and e,f) BCZT/ZrO, laminates sintered using SPS.

Mechanical properties

The indentation hardness and indentation modulus of the sintered laminates are shown in Fig. 35.
The hardness and modulus of ZrO, in the BaTiOs/ZrO, laminates sintered in the conventional furnace
(black dots) and by SPS (grey dots) were negatively affected by the chemical reactions during the sintering
and the change at the interface was not as pronounced as in the BCZT/ZrO; laminate sintered by SPS (cyan
dots). The conventionally sintered laminate achieved lower and more scattered values of hardness
and modulus, probably due to the combined effects of coarser microstructure [170], microporosity,
and more extensive chemical reactions (note that indents affected by large porosity were excluded).

The difference in indentation modulus in the ZrO layer between SPS densified laminates (from ~208 GPa
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to ~194GPa) was caused by a 100 °C lower sintering temperature and corresponds to a ~3% increase
in porosity according to the Ishai-Cohen model [212].
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Fig. 35 Indentation a) hardness and b) modulus dependence on normalised distance from the interface
of BaTiOs/ZrO, laminate sintered conventionally, and BaTiOs/ZrO, and BCZT/ZrO; laminates sintered
using SPS [205].

Conclusions of the sub-chapter

This sub-chapter has shown that EPD followed by SPS is a suitable processing strategy
for manufacturing laminated composites with BaTiO3; and BCZT layers for potential use in the ceramic
multilayer harvesters. Porosity and chemical reactions between highly reactive BaTiOs-based and ZrO;
ceramics were reduced compared to conventionally sintered laminates. The positive effect on composite’s
mechanical properties is a crucial benefit for any potential applications. The results summarised in this

sub-chapter were already published in Materials Letters (Q2, see ref [205]).
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6 Conclusions

In conclusion, this dissertation thesis has provided insights into optimising advanced oxide ceramic
materials and composites, focusing on hydroxyapatite, aluminium tungstate, and piezoelectric
BaTiOs-based ceramics. Innovative processing techniques have been used to address several key limitations
of these materials, including the use of toxic stabilisers, low density, and inferior mechanical and electrical
properties.

Hydroxyapatite biocoatings were prepared from plasma treated nanopowder, which allowed a controlled
EPD process without toxic stabilisers in the suspensions. This resulted in uniform and homogeneous
coatings of high green density. The stand-alone coatings were then sintered by RPLS at 1100-1300 °C with
5-120 min dwell and 5-100 °C/min heating and cooling rates. Rapid heating rates were found
to be beneficial in terms of the final density and grain size. To demonstrate practical applicability, the metal
orthopaedic screws were coated during EPD by thin, uniform, and crack-free biocoatings from

the suspensions containing plasma treated powder.

Aluminium tungstate was synthesised by an optimised co-precipitation method to obtain
an amorphous powder with the highest specific surface area and improved sinterability. The powder was
calcined at 500-620 °C, and gradual crystallisation and a decreasing concentration of oxygen vacancies
were described. The powder calcined at 570 °C was deagglomerated by high-energy ball milling
and consolidated by dry-pressing. Dilatometric analysis was used to select sintering temperatures for RPLS
and SPS. The best results were obtained by SPS at 850 °C, a significantly lower sintering temperature than
previously reported, with the best density to date and improved mechanical properties compared to RPLS

samples.

The study of barium titanate-based ceramics covered several topics. Firstly, the microstructural
evolution of barium titanate under unconventional RPLS and radiation-assisted sintering techniques was
described. Abnormal grain growth occurred in a narrow temperature range around 1230 and 1350 °C
for RPLS and radiation-assisted sintering, respectively, indicating differences in energy transfer
and temperature measurement reliability of the selected sintering methods. The final density was over 98%

in both cases, a higher value than previously reported for conventionally sintered barium titanate.

The knowledge gained was used to sinter up to 10 vol.% of alumina or zirconia-reinforced barium

titanate particle composites. Heat treatment was conducted by RPLS at 1250 °C, and the composites were
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characterised in terms of microstructure, phase composition, density, fracture toughness, and piezoelectric
properties. The high reactivity of the system resulted in the evolution of various secondary phases, causing
a decrease in most of the measured properties. In addition, one of the important reaction products
of the Al,Os + BaTiOs system, BaTiAlsO1,, was synthesised and thoroughly characterised in terms
of microstructural, mechanical, and electrical properties for the first time.

Finally, laminated composites were prepared by combining piezoelectric barium titanate or barium
calcium zirconate titanate with zirconia. EPD was used to prepare the precise layer structures, and two
different sintering strategies were applied to densify them with suppressed development of reaction zones
on the layer boundaries. The conventionally sintered BCZT/ZrO, and BaTiOs/ZrO, laminates proved
to be excessively reactive. The SPS technique significantly reduced reactivity, resulting in more densified

samples having better mechanical response.
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7 Figure captions

1 Cubic and tetragonal BaTiOs crystal cell with the indicated direction of the intrinsic polarisation Ps [34].

2 Schematic setup for a) pressure-assisted sintering and b) radiation-assisted sintering in an SPS machine [98].

3 TG/DTG (a) and MS (b) curves of as received and plasma treated HA powders [121].

4 Deconvoluted XPS spectra of C 1s and N 1s peaks for as received (a, b) and plasma treated (c, d) HA
powders [121].

5 Deposition yields (a) and photographs of as received (b) and plasma treated (c) HA coatings [121].

6 HA biocoatings on stainless steel orthopaedic screws fabricated by EPD from suspensions containing a) as
received powder and b) plasma treated powder [121].

7 SEM micrographs of a) amorphous, b) calcined non-milled, and c¢) calcined milled Al,W301, powders with
their particle size distributions (d) [150].

8 Simultaneous TG and DSC curves of amorphous Al,W501, powder, with marked water evaporation (cyan
underpainting) and crystallisation (green underpainting) events. Note the downward orientation of the
exothermic DSC peaks [155].

9 XRD patterns of amorphous Al.W3012 powder and powders calcined at 500-620 °C [155].

10 Raman spectra of amorphous and calcined Al;W301. powders with marked vibrational modes vi— v4 [155].

11 Photographs of amorphous and calcined Al,W301, powders [155].

12 EPR signals of amorphous and calcined Al,W3O12 powder in air between 500 and 620 °C [155].

13 Relative shrinkage and shrinkage rate curves with underpainted regions of interest (a) and absolute
shrinkage measured during the SPS process (b) of non-milled and milled Al,W301, powders [150].

14 XRD patterns of samples sintered by RPLS and SPS [150].

15 SEM micrographs of Al.W301, samples from milled powder sintered by a) RPLS with 10 min dwell time,
b) SPS at 1000 °C, and c) SPS at 850 °C (note the different scalebar). White arrows indicate microcracks,
and black arrows mark preserved clusters of finer grains [150].

16 Cumulative grain area distributions of sintered Al; W30, samples [150].

17 Relative density as a function of sintering temperature for RPLS and radiation-assisted sintered BaTiO3
samples.

18 SEM micrographs of BaTiOs a) sample sintered by RPLS at 1220 °C with white arrows indicating abnormal
grains, b) sample sintered by RPLS at 1240 °C with black arrows indicating remaining fine grains, c)
radiation-assisted sintered sample at 1375 °C (note different scalebar), and d) radiation-assisted sintered
sample at 1400 °C with cyan arrows indicating secondary phase at triple points.

19 SEM micrographs (BSE contrast) of a,b) pure BaTiOs, ¢,d) 10 vol.% Al,Os-reinforced BaTiO; with white
arrows indicating the brighter phase, and e,f) 5 vol.% ZrO,-reinforced BaTiOs with black arrows indicating
the darker phase.

20 SEM micrograph (a) with EDX maps showing the distribution of Al (b) in the microstructure of 10 vol.%
of Al,Os-reinforced BaTiOs.

21 SEM micrograph (a) with EDX maps showing the distribution of Zr (b), and Ti (c) in the microstructure
of 5 vol.% of ZrO,-reinforced BaTiOs.

22 XRD patterns of BaTiO; ceramics reinforced with a-c) Al,Os and d-f) ZrO..

23 Relative density of BaTiOs-based sintered ceramics reinforced with Al,O3 or ZrO,.

24 Piezoelectric coefficient dss of Al,Os-reinforced BaTiOs sintered composites.

25 Propagating crack through the 5 vol.% Al;Os-reinforced BaTiOs.

26 Dilatometric data from sintering a 3:1 molar ratio of Al,O3:BaTiOzgreen body.

27 XRD patterns of 3:1 molar ratio of Al,O3:BaTiOs green body, samples conventionally sintered at 1250 °C
and 1450 °C, and sample sintered by SPS at 1450 °C.
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Fig. 28 Microstructure of sintered BaTiAlgO12 shown in a) EBSD map with marked grains, b) grain size
distribution, c) detailed EBSD map and d) SEM image showing the secondary phase (marked with white
arrow) at the triple-point.

Fig. 29 Indentation hardness and Indentation elastic modulus of BaTiAlsO12 ceramics as a function of applied load.

Fig. 30 Fracture toughness of Al,Os-reinforced BaTiOs; ceramics.

Fig. 31 The frequency dependence of & and tan o.

Fig. 32 SEM micrographs of a,b) BaTiOs/ZrO, and ¢,d) BCZT/ZrO, laminates after sintering conventionally and
using SPS [205].

Fig. 33 EDX line scans of a,b) conventionally sintered BaTiOs/ZrO, laminate; c,d) BaTiO3/ZrO, and e,f)
BCZT/ZrO; laminates sintered using SPS [205].

Fig. 34 Raman maps and spectra from the selected spots of a,b) conventionally sintered BaTiO3/ZrO; laminate;
c,d) BaTiOs/ZrO; and e,f) BCZT/ZrO; laminates sintered using SPS.

Fig. 35 Indentation a) hardness and b) modulus dependence on normalised distance from the interface of
BaTiOs/ZrO; laminate sintered conventionally, and BaTiOs/ZrO; and BCZT/ZrO- laminates sintered using
SPS [205].
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8 Glossary

AGG Abnormal grain growth
BCZT (Ba, Ca)(Zr, Ti)Os

BET Brunauer-Emmett-Teller method

CIP Cold isostatic pressing

CTE Coefficient of thermal expansion

dss Indirect piezoelectric constant [pm/V]
DCSBD  Diffuse coplanar surface barrier discharge
DSC Differential scanning calorimetry

& Relative permittivity [-]

E Young’s modulus [GPa]

EBSD Electron backscatter diffraction

EDX Energy dispersive X-ray spectroscopy
EPD Electrophoretic deposition

EPR Electron paramagnetic resonance

G Shear modulus [GPa]

GB Grain boundary

HA Hydroxyapatite

HV Vickers hardness [GPa]

ICSD Inorganic Crystal Structure Database
Kic Fracture toughness [MPa-m*?]

MCAA Monochloracetic acid
MGS Mean grain size [um]

MS Mass spectroscopy

PEG Polyethylene glycol

p Relative density [%]

RPLS Rapid pressure-less sintering

rps Revolutions per second

rpm Revolutions per minute

SEM Scanning electron microscopy
SETOV  Single electron trapped in the oxygen vacancy
SPS Spark plasma sintering

tan 6 Dielectric loss [-]

Tc Curie temperature [°C]

TD Theoretical density [%]

TG Thermogravimetry

XPS X-ray photoelectron spectroscopy

XRD X-ray diffractometry
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of bulk low-positive thermal expansion material Al,Ws01, for thermal shock resistance applications"

23rd Conference on Material Science — YUCOMAT (2022), Herceg Novi, Montenegro Presentation:

"Suspension plasma spraying of BaTiO3; and BaTiOs/ZrO," — Best oral presentation award

ECerS XVII — Ceramics in Europe (2022), Krakdw, Poland Presentation: "Microstructural evolution

of barium titanate at applied non-conventional rapid rate sintering"
EUROMAT 23 (2023) Frankfurt, Germany Poster: “Extrinsic point defects in BaTiOs-based ceramics”

ECerS XVIII (2023), Lyon, France Presentation: “Properties and performance of rare-earth-doped

barium titanate ceramics”’

Projects

Specific research projects as a principal investigator:
2021

Electrophoretic deposition of plasma activated hydroxyapatite powder densified by rapid sintering, VUT-
J-21-7198.

2022

Plasma spraying of BaTiOs/ZrO; and BaTiOs/Al,O3 composite coatings for improved electromechanical
properties, VUT-J-22-7926.

Rapid rate sintering of bulk thermomiotic material Al;Ws01, for thermal shock applications, VUT-J-22-
7983.

2023

Oxygen vacancies formation and its influence on electromechanical properties of BaTiO3-based ceramics,
VUT-J-23-8308.
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Other projects:

8 projects as a part of Research Group Advanced Multifunctional Ceramics (GACR, TACR, Horizon
Europe, OP JAK)
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sintering for fabrication of environmentally friendly hydroxyapatite biocoatings. Journal of the European
Ceramic Society, 44(4), 2590-2599. https://doi.org/10.1016/j.jeurceramsoc.2023.11.044 (Q1 Journal)
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Submitted:

Drdlik, D., Marak, V., Klement, R., Tofel, P., Drdlikova, K., Hadraba, H., Chlup, Z. (2024) Basic
microstructural, mechanical, electrical and optical characterisation of BaTiAlsO:. ceramics. Boletin
de la Sociedad Espafiola de Ceramica y Vidrio. (Q1 Journal)

Marak, V., Drdlik, D., Bijalwan, V., Tofel, P., Erhart, J., Chlup, Z., Maca, K. (2024) Effect of alumina or
zirconia particles on the performance of lead-free BCZT piezoceramic. Journal of the European Ceramic
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