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Abstract 

 
The aim of this PhD work is to explore and develop printable slurries via DLP 

(Digital Light Processing) Stereolithography having, as a ceramic matrix, a biphasic 

(Ce11ZA16) or triphasic (Ce11ZA8Sr8) composite powder in the zirconia-alumina 

system. A powder engineering strategy made possible the tailoring of the 

composition, the microstructure, and the features of the final materials. The 

methodological approach taken allowed the exploitation of the high potentiality of  

the Ce-TZP composites to explore the feasibility of obtaining printable 

formulations for complex composition ceramics, while maintaining the 

morphological and microstructural characteristics that characterize such 

composites when obtained by conventional shaping methods, thanks to the high- 

resolution offered by the stereolithographic additive manufacturing technique. 

Extensive research in the field of stereolithography has been carried out, but it is  

evident the paucity of publications on Ce-TZP composites. Thus, filling the gap in 

the previously published studies was one of the objectives of this research joining 

the outstanding aging resistance of the material to the extremely high dimensional  

resolution of DLP-stereolithography, laying the groundwork for future biomedical  

application. 
 

In the first chapter, through detailed bibliographic research, the state-of-the-art of 

zirconia-alumina composites obtained by additive manufacturing methods was 

developed, paying particular attention to the DLP-stereolithography. The first part  

of the chapter deals with the transformation toughening proper of zirconia and the 

beneficial effect of alumina addition in the powder composition and the 

advantageous influence of the ceria in the aging resistance of zirconia. The second  

part is focused on the DLP-stereolithography features of the printable slurries, the 



resin, and on the removal of the organic fraction for the consolidation of the parts  

through debinding and sintering. 

The second chapter deals with the elaboration process of Ce11ZA16 composite 

powders demonstrating an optimum control of the entire process. The raw powders' 

dispersion with the addition of the suitable dispersant (Disperbyk-103 in our case) 

and the proper ball milling time allows the preparation of homogeneous slurries  

obtaining outstanding microstructures of the fired parts. 
 

The third chapter shows the elaboration process of CeZA8Sr8 via surface 

modification of a zirconia-based composite powder with inorganic precursors of 

the secondary phases. The final formulation contains 8 vol% of alumina and 8 vol% 

of an aluminate phase. The adopted approach such as the powder dispersion, 

addition of the dopants, spray drying, and the thermal treatments for the 

decomposition of the nitrates guarantees to the final composite powder to be 

uniformly dispersed in the acrylic resin and printed at the end. Highly dense sintered 

parts were then obtained. 
 

The fourth chapter is dedicated to the development and characterization of slurries  

printable with DLP-stereolithography. The slurries without and after the addition 

of the dispersant were characterized from the point of view of the rheology, while  

the effect of the solid loading and the amount of dispersant on the slurry 

behaviour were investigated, and the characteristics of the printed parts. In the 

closing section of the chapter the printing process parameters, and their 

correlations, were studied through the Principal Components Analysis (PCA). 
 

In the last part of the thesis, the main results of a full description of the printed parts 

in terms of phase composition, microstructure, and mechanical characterization of  

the hardness and fracture strength are presented. The adopted procedure for the 

preparation of the powders and the slurries was successful in developing composites 



having highly homogeneous microstructures. Particularly, in the Ce11ZA8Sr8 a 

complex microstructure was obtained with an excellent distribution of the round‐  

shaped alumina and elongated strontium aluminate grains, as secondary phases, 

inside the fine zirconia matrix. A strong influence of the printing parameters and 

the debinding cycle on the microstructure and on the mechanical features was 

revealed. 
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The purpose of this bibliographic chapter is to report the state of the art of the 3D 

printing of zirconia-alumina in the literature in order to define the appropriate 

context of this Ph.D work. In the first part, the characteristics of the zirconia- 

alumina powders used to prepare the printable slurries will be described. In 

particular, the transformation toughening of zirconia materials will be described 

with particular emphasis on its effects on the mechanical properties and stability of 

the printed parts. A literature overview of the most relevant zirconia‐containing  

materials is provided. The second part focuses on the production of ceramic pa rts 

through additive manufacturing techniques providing a description of the features  

of the slurry and its influence on the microstructure and mechanical properties of  

the finished parts. 

 

1.1 Zirconia-based composites, an overview 
 

Zirconium (Zr) is a greyish metal, with a density of 6.49 g/cm³ and melting and 
boiling temperatures of 1852 °C and 3580 °C, respectively. It is characterized by a  

hexagonal crystalline lattice. Zr does not exist in nature in pure form but combined 

with silicate oxide with the mineral name zircon (ZrSiO4). As an oxide (ZrO2) it is 

known as Baddeleyite1. 

Since ancient times, Zircon has been regarded as a gemstone. The name zirconium 
derives from the Arabic word Zargon which signifies “golden in color”. In turn, the 

origin of the word Zargon comes from the two Persian terms Zar (Gold) and Gun 

(Color). Zirconia, the metal dioxide (ZrO2), was discovered in 1789 by the German 

scientist Martin Heinrich Klaproth as by-product obtained after burning zircon 

gems. Zirconia has long been used as a ceramic pigment combined with rare earth  

oxides. In addition, due to their high-temperature ionic conductivity zirconia 

ceramics are excellent as solid electrolytes in fuel cells and in oxygen sensors. 

Helmer and Driskel published the first study on the use of ZrO2 as a biomaterial in 

19692. The interest in employing zirconia as a ceramic biomaterial is due to its 
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excellent mechanical strength and toughness, chemical and dimensional stability, 

and Yoùung's modulus in the same order of magnitude of stainless steel alloys 3. 

At least five known solid phases of ZrO2 ceramics exist but under normal 

processing conditions (pressureless, conventional thermal cycles etc.), only three 

phases are observed, depending on temperature and the addition of the stabilizer 4 . 

The three polymorphs of zirconia are: monoclinic (m), tetragonal (t) and cubic (c) 

(schematic representation in figure 1.1). Pure zirconia is monoclinic at room 

temperature. This phase is stable up to 1170° C. Then it is tetragonal between 1170 

°C and 2370 °C and cubic from 2370 °C to 2750 °C (melting point). Moreover, at 
lower temperature and with increasing pressure ZrO2 exhibits two additional 

orthorhombic (I and -II) polymorphs 5. 

T-M conversion is a reversible athermal martensitic transformation that shows 
important temperature hysteresis of 200 °C, a volume change of transformation 

strain (3-4 %) and a significant shear strain (14–15%). Sintered zirconia 

components, if unstabilized, are prone to disintegration 6. 
 

 

 

Figure 1.1 Schematic representation of the transformation of ZrO2. From left to right the 

polymorphs monoclinic (M), tetragonal (T), and cubic (C) 7 
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Because of the strong covalent Zr–O bond, monoclinic zirconia, from the 

thermodynamic point of view, is stable at lower temperatures and a sevenfold 

coordination number is favored. The co-ordination number of Zr4+ cations in 

tetragonal and cubic-ZrO2 is 8. 
Zirconia changes its structure to make space for the oxygen ion vacancies generated 

at high temperature. The structure has eightfold coordination (t or c) but the 

effective coordination number is near 7 due to the interaction of Zr4+ ions with the 

oxygen ion vacancies 6. Ruff and Ebert's 7 description of the primary method for 

using zirconia in engineering and preventing transformation-induced cracking is 

still relevant today. 

Tetragonal and/or cubic phase stability can be entirely or partially achieved by 

alloying pure zirconia with another oxide 8,9. The stabilizer oxides form solid 

solutions with ZrO2. 
The monoclinic phase is the stable structure of ZrO2 at room temperature. The 

introduction of stabilizing oxides, with usually lower valence cations than Zr4+, like 

CaO, MgO, Y2O3, La2O3, Gd2O3, CeO2 to zirconia-alloys can retain the high- 

temperature tetragonal structure, which is metastable at ambient temperature 10. 

Dopant ions replace Zr 4+ ions in the cation network, these included undersized 

(Fe3+, Ga3+) and oversized (Y3+, Gd3+) trivalent ions as well as undersized (Ge4+) 

and oversized (Ce4+) tetravalent ions. Oxygen unfilled sites are associated with the  

Zr cations for oversized dopants, and with two dopant cations in the case of  

undersized dopants. In both cases, the number of Zr cations coordinated by seven 

oxygens (rather than eight) rises, which stabilizes the tetragonal phase 4,11 

The tetragonal matrix is transformed to in the monoclinic phase when the 

constraint of the matrix loosens, for example when a crack advances in the 

material. The stress field, related to the expansion and due to the phase 

transformation opposes the stress field that causes the propagation of the crack. 
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Since the energy involved with crack propagation is lost during the T-M 
transformation in overcoming the compression stresses brought on by volume 

expansion, toughness is increased (Fig.1.2) 3. 
 

 

 

Figure 1.2 Image of stress-induced transformation toughening 

process 12. 

 

The transformation toughening mechanism is the increase in fracture 

toughness of a material. Is the direct result of a phase transformation 

occurring at the tip of an advancing crack 1. A variation in the stress 

intensity factor can be related to the transformation toughening 

mechanism (eq. 1.1) 

 
∆ K = K tip − K ∞                                                                              (1.1) 
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When the applied stress (K∞) is greater than the crack tip stress intensity factor  
(Ktip), crack tip shielding occurs (Δ K < 0). Δ K indicates the resultant toughening  

effect. For a successful transformation toughening a metastable phase must be 

present in the material transformable to a stable one stress-induced in the crack-tip 

stress field. The transformation must be immediate (no long-range diffusion) and 

have to be related with a change of shape or volume, or both. The deviatoric 

nature of the transformation concede it to be stress-induced. The toughening is a 

crack shielding process, the transformation strains generate local stresses that 

oppose further crack opening. When a load is applied a stress-induced 

transformation happen at the crack tip producing a transformed area. The initial 

process zone at the tip of a stationary crack (figure 1.3a) has no net effect on the 

toughness of the material but, as the crack grows, a ‘wake’ of transformed 

material is left behind (figure 1.3b) leads to an increase of the toughness 1. 

 

 
Figure 1.3 (a) Stationary crack with a cardioid shape and (b) Transformed 

‘wake’ of half-height h, after the crack has moved forward by a distance δa. 

 

The retention of the maximum amount of t-ZrO2, at room temperature or at the 

applied temperature, is necessary for the effectiveness of the transformation 

toughening 13. 

According to their microstructure zirconia ceramics are divided into four major  
categories. (Figure 1.4): 
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• Fully Stabilized Zirconia (FSZ) is obtained using stabilizers at high 
concentrations (> 8 mol% Y2O3). It is extensively employed, in its cubic form, 

for the realization of fuel cell electrolytes and oxygen sensors. 

• Partially Stabilized Zirconia (PSZ) shows a cubic matrix with nanosized 

tetragonal or monoclinic particles precipitated having a peculiar lenticular  

morphology (~ 200 nm diameter and 75 nm thick). These precipitates may be 

present within the cubic matrix grains or at grain boundaries. PSZ ceramics 

are obtained by adding lime or magnesia. Mg2+ and Ca2+ divalent cations are 

the most common used to obtain PSZ but also YSZ can be obtained in the 

partially stabilized zirconia form (4-7 mol% Y2O3). 

• Tetragonal Zirconia Polycrystals (TZP) is a material obtained by adding  ceria 

or yttria as stabilizers. It shows ~ 100% t-ZrO2 phase 6, even though a 

secondary cubic phase might be present 14. Others strategies to stabilize the 
tetragonal phase is to reduce the grain size to nanoscale 15, reduction O- 

vacancies or with anion lattice dopants (N, C). 

• Zirconia Toughened Alumina (ZTA) is a composite consisting on 

polycrystalline alumina ceramic containing up to 20 vol% ZrO2 as a dispersed 

phase in the tetragonal phase. 

• Alumina Toughened Zirconia (ATZ) shows alumina particles in a fine 

zirconia matrix. ATZ is a composite obtained by the incorporation of alumina 

particles into the yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP). 

Alumina provides high hardness, wear resistance, and stiffness of the alumina 

particles while zirconia gives high fracture toughness and strength of the Y-
TZP matrix. The ATZ toughening is founded on the crack deflection around 

the alumina particles, stress dissipation due to the fracture mode transition 

from intergranular to transgranular, and crack branching and bridging by the 
formation of microcracks owing to the mismatch of the thermal expansion 

between alumina and the Y-TZP matrix 1. 
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Figure 1.4 The main types of ZrO2 ceramics and composites are represented schematically 

by the following microstructures: (a) cubic, fully stabilized zirconia (FSZ); (b) tetragonal  

zirconia polycrystal (TZP); (c) partially stabilized zirconia (PSZ), cubic matrix with 

tetragonal precipitates; (d) zirconia-toughened alumina (ZTA), Al2O3 matrix with 

tetragonal zirconia grains at the grain boundaries. Source 16. 

 

 

1.1.1 Ceria-Doped Zirconia (Ce-TZP) 

Partially stabilized zirconia (PSZ), and in particular tetragonal Zirconia 

polycrystalline (TZP) ceramics show remarkable mechanical properties such as  

high bending strength and fracture toughness. The most prominent TZP members 

are yttria-stabilized zirconia (Y-TZP) and ceria-stabilized zirconia (Ce-TZP) 17. 
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In this study, it was chosen to develop printable slurries starting from Ce-TZP as a 
starting powder because it shows, besides the very high resistance to corrosion of 

ceramics material in general, an excellent Low-Temperature Degradation (LTD) 

resistance 9. The low-temperature ageing resistance is a phenomenon observed for  

the first time by Kobayashi 18 in 1981. 

The nature of cerium as a tetravalent cation guarantees the charge neutrality of the 

system, since it leads to any oxygen vacancies formation. For this reason, the use 

of trivalent dopants such in Y-TZP materials, may be disadvantageous due to the 

susceptibility of the material to humid environments. This phenomenon is due to 

the uptake of hydroxyl (OH-) compounds into oxygen vacancy sites which 

counteracts the stabilization. In wet conditions, the t/m transformation may happen 

without having been triggered by mechanical stress 19. The ceria stabilization is due 

to lattice expansion because of the larger size of the Ce4+ cation in comparison with 

Zr4+. Stabilizer oxide must be used in large quantities (~12 mol% CeO2); as the 

symmetry is not reduced by the stabilizer cations, Ce-TZP is very transformable 19. 

The stabilization of the tetragonal phase act by introducing oxygen vacancies or 

by the expansion of the cations lattice obtaining the decrease of ‘oxygen 

overcrowding’ around Zr cations. With tetravalent cations, the oxygen vacancies 

in the zirconia lattice are rare and are not able to stabilize the tetragonal phase. It 

was demonstrated that the addition of oversized cations dilates the cation network 

and thus decreases the oxygen overcrowding around Zr cations 4. 
Chacun et al.20 studied the LTD entity of 3Y-TZP materials when exposed to steam 

(140 °C for 7 days at atmospheric pressure) and revealed a 30% reduction of  

hardness, biaxial flexural strength, and Young’s modulus. When 12Ce-TZP was 

exposed to the same aging treatment the mechanical properties decrease by only 

2%. Ce-TZP shows also excellent defect resistance and ductility before failure due  

to a larger stress-induced transformation ability compared to 3Y-TZP. On the other 

hand, Ce-TZP, as respect to Y-TZP, shows a lower strength (~600 MPa and ~1000 

Mpa, respectively) and a lack of translucency, an important aspect for dental  

prothesis. Both aspects are related to the challenge to produce Ce-TZP with grain 
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size as small as that of 3Y-TZP. Dense Ce-TZP shows a grain dimension of 1.5–2 

µm while 3Y-TZP lower than 0.5 µm 4. The intrinsic characteristics of Ce-TZP 

make it an outstanding biocompatible material, that is widely used for dental  

implants, osseointegrations, and orthopaedical implants such as a valid substitute 

for titanium ones 20. A lot of patients showed allergy to titanium alloys or metallic  

implants, furthermore, due to their color, they are also less aesthetic because they 

can be visible through the gums (figure 1.5), while zirconia dental implants are 

invisible and completely camouflaged with the natural color of the teeth. 
 

 

Figure 1.5 Comparison between a titanium implant and a 

zirconia one 

 
As said, some zirconia ceramics, like Y-TZP, are susceptible to humid air, water 
vapor, and other aqueous fluids over a temperature range of 65-500 °C, but in 

aqueous solutions, the effect is more catastrophic at lower temperatures and the 

degradation rate decreases with time. Poor ageing resistance leads to surface 

phase transformations, and, as a consequence, the mechanical properties weaken 
21. The degradation is caused by the t/m transformation that starts from the surface 

of the sample and progresses to the inner part associated with the consequent 

formation of micro- and macro-cracks 22. 
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The nucleation of the transformation leads to a sequence of happenings "neighbor  
to neighbor". The transformation of one-grain leads to the increase of its volume 

that, as a cascade, stresses up the neighbouring grains, microcracking the material  

by opening a path for the penetration of water into the inner of the specimen. The 

entity of the grain growth depends on the microstructure features such as porosity,  

residual stresses, grain size, etc. (figure 1.6) 21. 
 
 

 
 

Figure 1.6 Ageing process representation that occurs in a cross-section. (a) 

Nucleation on a superficial grain leads to microcracking and stresses the 

neighbouring grains. (b) Growth of the transformed zone leads to extensive 

microcracking and surface roughening. In grey the transformed grains, and the 

red areas around the transformed grains represent the water penetration due to 

microcracking 

 

 

Sato et al. 23 demonstrated that by increasing the CeO2 content and by reducing 

the grain sizes, the transformation rate of aged Ce-TZP decreased. Ce-TZPs with a 

quantity of CeO2 < 10 mol% and exposed to water vapor exhibited an increase in 

the superficial monoclinic volume fraction, but by increasing the ceria amount to 

12 mol% the resistance to the aging increases considerably 22 24. 

The amount of t/m stress-induced conversion that occurred during fracture is 

depicted in figure 1.7 (A). With the decrease of ceria concentration, the monoclinc 
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A B    C  

phase, generated during the stress-induced transformation, increases. The 

monoclinic phase content increases also with a rise in the grain size. 

This implies that under any applied stress, the monoclinic phase is produced in the  

larger tetragonal grains containing a small amount of ceria. In figure 1.7 (B) the 

bending strengths of Ce-TZP containing different amounts of ceria oxide are 

depicted. The results show that the bending strength of Ce-TZP was higher when 

the ceria amount was 10 to 12 mol % with grains smaller than 1 micrometer. For 

lower CeO2 concentrations the material is unstable, the strength is limited by the 

low critical stress which induces transformation. For higher ceria amount, the 

transformation is inhibited, and the strength is limited by the critical size of the 

flaw. With a decrease in CeO2 concentration and whatever the grain size, the 

fracture toughness rises, as depicted in figure 1.7 (C). 
 

 

Figure 1.7 (A) Monoclinic fraction on fractured surface; (B) bending 

strength; (C) Ce- TZP ceramics fracture toughness according to the ceria 

amount and the grain size 25 

 

 
Due to the high transformability, prior to failure, Ce‐TZP ceramics show a 

significant non‐linear, permanent deformation. Ce‐TZP shows a pronounced 

pseudoplastic behavior among ceramic materials and can bend before fracturing. 

The LTD resistance of Ce-TZP can be better understood from the metastable phase 
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diagram in figure 1.8 (A). It can be observed in the zirconia - ceria phase diagram 

that the material is fully tetragonal at the sintering temperature (1400-1550 °C); 

however, as it cools down, it becomes metastable with the generation of monoclinic 

crystals at a T0 (t/m) temperature of ~ 400 °C 9,26. The region of (meta) stability of 

the tetragonal phase, highlighted by the T0 (t/m) line, is wider with respect to the 

yttria‐zirconia phase diagram (B). T0 (t/m) indicates the equilibrium temperature 

between tetragonal and monoclinic phases in a compositionally homogeneous 

sample 27. 
 

  
 

(A) (B) 

Figure 1.8 Zirconia-ceria phase diagram (A) and Zirconia-yttria phase diagram (B) 

 

 
According to the diagram, a typical Ce‐TZP composition capable of t/m 

transformation contains 8 mol% of CeO2; above 12 mol% the system is not 

transformable. The mostly used compositions, most of all in the biomedical field,  

contain ceria in the range 10 mol% (referred as 10Ce‐TZP) and 12 mol% (referred  

as 12Ce‐TZP). 
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Chevalier et al. 9 studied the t/m transformation kinetics of Ce-TZP under aging 
conditions (134 °C, 2 bars). The aging resistance of 10-Ce-TZP is far higher than 

the corresponding YSZ composites, and the kinetic of the degradation is very slow. 

From the simulated in vivo test (it is clear that the lifetimes of Ce-TZP prosthesis 

far exceed the life expectancy of a human being (figure 1.9). 
 

 
 

 
 
 

Figure 1.9 Low-temperature degradation kinetics of 10 mol% of Ce-TZP compared to 3Y-

TZP, alumina-toughened zirconia (A80Z3Y), and zirconia-toughened alumina (A10Z0Y) 

measured at 134 °C and expected at 37 °C 
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1.1.2 Ce-TZP–alumina composites 

As discussed in deep in the previous chapter ceria-stabilized zirconia (Ce-TZP) 

shows high aging resistance and toughness despite a medium strength (∼500 MPa) 

caused by the grain growth during sintering and because of transformation-limited 

strength. Thus, developing zirconia-based ceramics with both high strength and 

high toughness is challenging. In this regard two categories of materials exist; the  

high-strength one for which the failure is governed by the pre-existing flaws, and 

the high-toughness one with a strength limited by the tetragonal to monoclinic 

transformation 28. In order to enhance the strength through microstructure 

refinement, Ce-TZP composites with the addition of different ceramic oxides 

were developed, an example of this is the composite Ce-TZP/alumina 29–31. An 

alternative consists of developing “in situ” platelets reinforced composites with 

Ce-TZP zirconia reinforced with alumina and strontium or lanthanum aluminates 

that represent an interesting combination of strength and fracture toughness. 

Sato et al. 32, in 1989, demonstrated that the hardness and the Young’s modulus of  

the alumina/Ce‐TZP composites were higher with respect to pure Ce‐TZP ceramics. 

In 1997 Nawa et al. produced an intra‐granular microstructure with Al2O3 particles 

of 10‐100 nm embedded into the grains of zirconia. 

In Nawa's study, the bending strength, hardness, and elastic modulus increase as 
the content of alumina increases. On the other side, as the alumina content increases, 

a decrease in the fracture toughness was observed also, this behavior is coherent  

with the reduction of transformability 26 (figure 1.10). 
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Figure 1.10 12Ce‐TZP/Al2O3 behavior as a function of the alumina amount 

in the composite' formulation. A: Vickers hardness, B: fracture strength, C: 

fracture toughness, D: monoclinic volume fraction on the fractured surface, 

and the polished one 33 
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Cutler et al. 34 were the first to investigate Ce‐TZP strengthened by in situ formed 
strontium hexaaluminate (SrAl12O19, referred often as SA6). They developed three‐ 

phases zirconia‐based composites having a composition of 12Ce‐ 
TZP/Al2O3/SrAl12O19 where the alumina was added in the range 15‐30 vol% while  

by the addition of 0.5‐8 wt% of SrZrO3 the aluminate phase was obtained, in 

accordance with the reaction: 

 
SrZrO3 + 6Al2O3→SrAl12O19 + ZrO2                                                                         (1.2) 

 
 

A zirconia matrix having Ce‐TZP grain size of 1‐3 μm, equiaxed Al2O3 grains of 

0.1‐1 μm and SrAl12O19 platelets with a length of 1‐3 μm was obtained. 

According to the composition, bending strength in the 500‐700 MPa range, fracture 
toughness of 10‐15 MPa√m and hardness of 10‐14 GPa were achieved. Particularly, 

the toughness decreased with the alumina content while strength and hardness 

showed the showed the opposite trend 26. 

 
 

1.1.3 The martensitic transformation 
 

The model of martensite transition created by Bain in 1924 was related to the 

change that takes place during the quenching of steel: austenite, which is generated 

at a high temperature, converts to martensite by fast cooling in order to prevent 

species diffusion 35. Numerous metal alloys, as well as minerals and ceramics like  

zirconia, undergo martensitic transformations 36. 

This transition exhibits both favorable (toughening) and unfavorable effects (low 

temperature degradation, microcracking) 37. When cooling pure zirconia, the 

tetragonal (P42/nmc) to monoclinic (P21/c) transformation takes place at around 
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1223 K (Ms) and is followed by a shear strain of about 0.16 and a volume 

expansion of about 0.04. When heated, the transition happens at around 1423 K 

(As) and is reversible. A completely tetragonal phase microstructure, with a Ms 

temperature such that spontaneous transition does not take place upon cooling to 

room temperature, may be achieved by alloying oxides such as Y2O3 or CeO2. The 

transformation can then be triggered by exposure to water, by low temperature 

treatments (typically 350-500 K) in steam autoclaves 37. The phase change that 

takes place at the point when a crack starts to spread causes in the material the 

increase of fracture toughness (Figure 1.2). For an effective transformation, a 

metastable phase must be present in the material and the transformation of this 

phase to a more stable state must be stress-induced in the field of the crack-tip. 

The transformation must occur instantly, without the need for time-dependent 

processes like long-range diffusion, and it must be followed by a modification in 

shape or volume. Similar to a crack shielding technique, the toughening 

process causes local compressive stress that prevent new cracks from forming. 

The converted product must not be more brittle than the parent phase from which it 

originates in order to guarantee that there is a net improvement in the material's 

toughness. As the crack grows, a ‘wake’ of transformed material is left behind and  

the strains remaining in this wake of transformed material lead to an increase in 

toughness (Figure 1.2). 

Internal stresses will unavoidably be produced by the stress-induced martensite 

when embedded in a stiff matrix, changing the local stress field. If transformation  

crystallography permits it, a further transformation takes place close to the original 

martensite plate in response to this local stress field. A martensitic transformation 

is an athermal, diffusionless modification in the crystal structure that require the 

simultaneous shift of atoms over lengths less than an atomic diameter. This 

transformation leads to a macroscopic shape change of the transformed region 38 

(Figure 1.4). 
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The toughness of a traditionally brittle ceramic could be increased by a factor of 4  
or more 38. The first thermodynamic model for zirconia tetragonal to monoclinic 

transformation was discussed by Lange et. al 39 considering an idealized 

configuration of a tetragonal particle embedded in an infinite matrix. The change 

of total free energy during the t-m transformation(ΔGt-m) can be expressed by: 

 
ΔGt-m= ΔGc + ΔUse+ ΔUs                                                                                                                    (1.3) 

 

Where ΔGc (<0 at low temperature) in chemical free energy is the difference 

between the t and m phase. This term depends on temperature, composition, and 

oxygen vacancy content. 

ΔUse (>0) is the change in elastic strain energy associated to the transformed 

particles. This is related to the size and shape of the particles and the matrix 

elastic modulus. A stiff matrix like alumina increases ΔUse, stabilizing the 

tetragonal phase. Also tensile stresses influence ΔUse, destabilizing the tetragonal 

phase. ΔUs (>0) is the variation of energy related to the formation of new 

interfaces when the t →m transformation occurs. 

If ΔGt-m > 0 the particle remains in the tetragonal state, if the value turns negative  

the tetragonal particle becomes unstable/metastable and might convert into its  

monoclinic state 14. 

As a result of the martensitic transformation t-m, the total Gibbs free energy 

changes in the following way: 

 
ΔGt-m= V (-ΔGch + ΔGstr) + SΔGsur                                                                                                       (1.4) 
 

where ch refer to the chemical free energy, str to the strain energy including both 

shear and dilatational energy, and sur the surface energy including the surface free  

energy, twinning energy and micro-cracking energy. V is the volume and S, area of 
transformation. The equilibrium temperature between the t-m transformation, T0, is 
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the temperature at which ΔGch=0, and the Ms is defined as the temperature at which 

ΔGt-m=06. 

ΔUse is directly related to the surrounding matrix modulus, this value increases with 

a stiff matrix such as alumina and decreases in presence of internal stresses. 

From the crystallographic point of view, a correspondence between the parent  
(tetragonal) and the product (monoclinic) phase exists in the t →m transformation 

(Figure 1.11). 
 

 
 

Figure 1.11 Schematic representation of the martensitic tetragonal to monoclinic 

transformation, the crystallographic correspondences between the tetragonal (parent) and 

monoclinic (product) phases are shown 9. 

 

 

If a break releases the mechanical restraint in the metastable tetragonal phase and  

enables it to transition to the monoclinic phase, the energy required to propagate 

the crack through a dense zirconia-containing metastable zirconia rises. This can 

only occur below the temperature T0 (t/m), that is the martensite start temperature  

(TMS). 
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To calculate the stress-shielding arising from the transformation-induced strains near the 

crack tip, the linear elastic fracture mechanics 28 is employed. The applied stress intensity 

factor KI is shielded by the stress-induced transformation, and as a result, the true stress 

intensity factor at the crack tip KItip is lower than that applied by the external forces, in 

agreement with 

 
KItip= KI – Kish                                                                                                                                    (1.5) 

 

The higher the applied stress intensity factor, the larger the conversion area and the shielding 

effect, resulting in the expression 

 
KIsh = CshKI . (1.6) 

 

 

with 

 
𝐶𝑠ℎ = 

 

0.214 𝐸𝑉𝑓 𝑒
𝑇(1−𝑣)  √3 

(1−ν) 𝜎𝑐 ( 
12𝜋

)
 

 

 

Where E is the Young’s modulus, Vf the volume fraction of transformable particles, 

eT is the volume dilatation associated to the transformation, ν the Poisson ratio, and 

𝜎𝑐 is the critical local stress leading to phase transformation. The toughening of  

zirconia depends on the critical local stress leading to phase transformation,  𝜎𝑐
m 

that depends in turn on the magnitude of the undercooling below the T0 (t/m) 

temperature: the larger is the T0 (t/m) value, the lower is the critical stress for stress 

phase transformation and the larger is the transformation toughening 14. 

 

 

(1.7) 
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1.2 Additive manufacturing of zirconia ceramics 
 

Recently, additive manufacturing (AM) has successfully established itself as an 
efficient technology to produce ceramics with high dimensional accuracy with a 

sensitive reduction of costs and production times 40. 

As discussed above, zirconia is a ceramic oxide that possesses outstanding 

mechanical properties: compression strength of about 2000 MPa, a flexural strength 

of 900–1200 MPa 3 and fracture toughness of 5–10 MPa m1/2 41. ZrO2 shows also 

good ionic conductivity, thermal and chemical stability, and resistance to 

aggressive environments 3,42. It is extensively utilized in the biomedical field due to 

its well-known biocompatibility. Thanks to its aesthetic characteristics zirconia has 

been widely used in dentistry to produce implants, crowns, bridges, and veneers 17. 

Zirconia has also been used for other applications, including solid oxide fuel cells 
43, thermal barriers, optical coatings, catalysis or catalytic supports, and sensors 44 . 

To produce zirconia ceramics several plastic forming methodologies have been 

employed such as injection molding, slip casting, tape casting, and gel casting. 

Another forming technologies adopted is the dry pressing. Even if, compared to 

pressing methods, plastic forming methodologies allow more complex parts to be 

obtained, some limitations exist such as low machining precision, and difficulty to 

produce complicated forms are typical drawbacks of these traditional technique 

that can be avoided with the 3D printing techniques 45. 

Although many researches concentrate on 3D printing of alumina 46–59 or zirconia 
60–68, few researches have been conducted on Al2O3-ZrO2 69–73 composites. In 

addition, few papers deal with Ce-ZrO2-based composites fabricated by SLA or 

DLP 74,75. The above results clearly show that there is a gap in the scientific 

literature on ZrO2-Al2O3 composites produced by AM techniques. 

The ISO/ASTM 17296 standard on Additive Manufacturing Technologies defines  

AM as the “process of joining materials to make objects from three-dimensional 
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3D) model data, usually layer by layer, as opposed to subtractive manufacturing 

and formative manufacturing methodologies” 76. 

The ISO/ASTM standard divides additive manufacturing (AM) processes into two 

categories: direct processes, in which components are produced in a single 

operation, and indirect processes, in which parts are manufactured in two or more 

steps. With the indirect methods to manufacture green bodies, an organic binder 

must be used. Postprocessing treatments like debinding and sintering are also 

fundamental to obtain dense parts 77. Additive manufacturing techniques can be 

used to fabricate different materials such as polymers, metals, or, ceramics 63,70 ,78 –

81. Ceramic additive manufacturing (C-AM) uses a four-stage process: model 

creation and slicing, printing, post- treatment, and heat treatment that permit to 

overcome some of the intrinsic constraints of ceramics, such as their formability 

and processability. 

The production of ceramics and ceramic matrix composites through additive 
manufacturing techniques is in an early stage if compared with the AM of 

polymers and metals 78. According to the raw materials C-AM can be classified 

into three different subgroups: solid-based, powder-based, and slurry-based 

methods 82–84. 

To manufacture zirconia ceramics the most important AM techniques adopted 

include selective laser sintering (SLS), selective laser melting (SLM), vat- 

photopolymerization techniques (which include stereolithography (SLA) and 

Digital Light Processing (DLP)), ink-jet printing (IJP), fused deposition modeling 

(FDM) 40. Among the AM technologies, stereolithography (SLA) and DLP are 

one of the slurry-based techniques that provide the best resolution, precision, and 

surface finishing of the printed parts. 
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1.2.1 Stereolithography (SLA) 
 

The term “stereolithography” is composed by the word “stereo”, which describes a 

3D process, and “lithography”, which is the print of recessed or elevated structures 

on a plane surface. In SLA, a photosensitive resin loaded with ceramic powder is 

photopolymerized with a layer-by-layer process using lasers, LED or liquid crystal 

display (LCD) 46 to build up a solid structure. High design freedom is allowed by 

this technology. 

A CAD model of the object to print is first created and then, converted to compatible 

files by creating a Standard Tessellation Language (STL) data. 

The printing of ceramics with SLA involves three steps: first, a layer of the 

suspension is spread on the platform and exposed to UV light for curing. A second 

layer is then spread on the top surface of the previously cured layer and irradiated 

too. Then, when all the parts are printed, a thermal treatment is necessary to burn 

out the organic matter and densify the ceramic skeleton. 

Through exposure to specific wavelengths, selected areas of the photocurable 
monomer resin are solidified. Single layers are stacked one onto one other until  

the final structures are created. To guarantee that uncured monomers are 

polymerized, the printed parts can be post-cured using heat treatment or exposure 

to UV light 85. 
 

 

1.2.2 Digital light processing 

In stereolithography, photo-sensitive materials are exposed to UV-light to obtain 

polymerized components 86. The significant difference between Digital Light 

Processing (DLP) and stereolithography resides in that DLP induces an 

instantaneous entire layer polymerization using digital micro-mirrors devices 

(DMD). In contrast, in SLA, a single point is exposed at a time (Figure 1.12). As a  

result, DLP offers a higher printing speed, a lower cost, and a higher resolution 87  
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than SLA and other technology competitors at the expense of lower local energy 

density 88. 

The key component of the DMD is an array of mirrors, each one representing a 

single pixel. Individual tilting of each mirror enables fast switching of pixels. The 

fast-switching speed of the DMD is fundamental for realizing grayscale 

illumination and controlling the exposure time and the energy dosage. This pixel - 

based mechanism makes DLP excellent for illumination of sharp corners but can 

cause saw-tooth type surface roughness on curved surfaces. Because of that when 

a higher resolution is necessary, the pixel size must be reduced with appropriate 

optics. Since DMD has a fixed number of mirrors, this leads to shrinkage of the 

image and reduces maximum geometry size. Large parts are thus often printed at  

lower resolutions than small ones. 
 

 

 
 

Figure 1.12 Comparison between (A) Stereolithography and (B) Digital Light  Processing89 

 

 

 

1.2.3 Challenges in SLA and DLP 
 

The DLP process is well-known for its sub-micron precision even if ceramic 

particles with high refractive index can hinder the curing depending on to the 

thickness of the layer and the concentration of the slurry. To remove the polymer, 
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the components are thermally treated, and then sintered to densify the ceramic 

skeleton. In SLA and DLP, each layer photopolymerizes and stacks one after the 

other. During the photopolymerization process, the UV light interacts with the 

medium, where absorption and scattering interactions happen 90. The monomer 

and the ceramic particles absorb part of the UV-light, while the other part is 

scattered in random directions. This interaction attenuates the light, which reduces 

the effectiveness of the cure depth 91,92. The cure depth is a key component of the 

printing process since it influences the interlayer adhesion and the layer thickness,  

together with rheological characteristics of the resin 66,93. Inadequate curing depth 

cause delamination and constrains the layer thickness. The cure depth and interlayer 

adhesion could be improved by rising the energy dose, the challenge is maintaining 

a high dimensional lateral resolution and avoid an excess of the lateral dimensions  

by the adoption of the suitable printing and curing strategies 92. 

Delamination between layers may also be caused by slurries with inadequate 

rheological characteristics. In the conventional manufacture of ceramics, 

shrinkage and dimensional changes during the sintering step are well known. 

Dehurtevent et al.94 demonstrated that changing the solid loading and particle 

dimension, affect the directional shrinkage. Cracks might occur either during the 

printing or after the printing strep. These can be mitigated by setting a cure depth 

larger than the layer thickness, enabling a strong interlayer adhesion. Light 

attenuation affects the lateral resolution and can cause delamination. A strong light 

scattering can be caused by the difference of the refractive index between solid 

(ceramic particles) and liquid fraction (monomer) of the photocurable slurry 95. 

Cracks and microstructural defects also occur during the thermal debinding step 
because of the pressure build-up of the volatile compounds 55. A rapid thermal 

debinding program decomposes the organics in a too-short period causing the 

release of spatial expansion stress that will be higher than the binding force between 

ceramic particles; then, a catastrophic series of events will be initiated, such as the 

formation of surface cracks 96. 
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1.3 Suitable photocurable ceramic resin 

In SLA, the characteristics of the ceramic suspension are determined by two 

aspects, rheology and light absorption 74. 

Homogenous slurries with a high solid loading and low viscosity are necessary to 

produce components with no defect and high performances. 

For the SLA of ceramics, the solid loading must be higher than 40 vol% to prevent 

any defect after debinding and sintering 90,97. 

The extent of shrinkage depends on the solid loading of the slurries. The 

shrinkage is inversely correlated with the solid loading which must be as high as 
possible. However, the viscosity increases with the solid load content, which is 

undesirable for obtaining a highly homogeneous microstructure. When the solid 

loading exceeds 31 vol %, the viscosity starts to increase exponentially 90 . A high 
solid loading may lead to a difficult debinding too, because of an impeded 

diffusion of gases 98. The solid content affects the rheology, from a conventional 
Newtonian behavior seen for pure resins to a shear-thinning behavior for 

concentrated slurries. Furthermore, high viscosity makes the suspension more 
stable by decreasing the sedimentation effect during the photopolymerization, but, 

at the same time, it reduces the flowability 80,99,100. Chen et al.101 fabricated ZrO2 

by SLA from a 42 vol% suspension with a viscosity of 3.01 Pa∙s at the shear rate 

of 30 s−1. Komissarenko 61 produced a ZrO2 photosensitive resin with a solid 

loading of 33 vol% and low viscosity of 1.6 Pa∙s at 30 s−1. Wang et al. 102 
developed zirconia ceramic with a shrinkage of 11.1% using a slurry with a solid 

loading of 14 vol%. 
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Li et al. 103, optimized the dispersant (Disperbyk-103) amount in zirconia 

suspensions. They obtained a 42 vol% of solid load by the addition of 3.5 wt% of 

dispersant. A low viscosity (<5 Pa⋅s at 30 s-1 shear rate) with a shear-thinning 

behavior was obtained. 

Zhang et al.64 manufactured high solid loading (55 vol%) ZrO2 slurries with a low 

viscosity (1.65 Pa s at the shear rate of 200 s−1) thanks to the addition of 2 wt% of  

the dispersant KOS110. 

The slurry often requires the addition of a dispersant to maintain resin stability, and 

to increase the repulsion forces between particles to prevent agglomerations 104. The 

long chain structure of the dispersant adheres on the surface of the ceramic particles, 

causing electrostatic and/or steric repulsion. In this way, the agglomeration of the 

particles is avoided, the viscosity is lowered, and appropriate rheological behavior  

is ensured 105. 

The suspension should have an appropriate viscosity, so that a fresh liquid layer can 
be deposited after printing each layer. 

Thus, a printable slurry must show a shear thinning behaviour with the viscosity 
that decreases with the increasing shear rate 106. For systems with recoating 

devices, the optimal viscosity for printing is typically less than 20 Pa · s at a shear 

rate of 100 s- 
1 and 3 Pa·s at a shear rate of 30 s-1 107, at 25 °C. When the concentration of 

dispersant is low it is in an unsaturated adsorption state, insufficient to overcome 

the attractive forces between the particles. Due to the Brownian motion, the 

particles that had not adsorbed the dispersant will tend to aggregate with each other 

and the slurry will be unstable and very viscous 107. 

When the amount of dispersant reaches saturation, the unadsorbed dispersant 
molecules will be in the inter-particle framework, causing flocculation, instability,  

and an increase of the viscosity 48. In this case, the slurry exhibits a shear thickening 

behaviour, and the flow of the slurry is hindered (as shown in figure 1.13) 108. 

With an optimal amount of dispersant, a “protective” adsorbed layer will form on  
the particles' surface. This layer causes the repulsion between the particles and the  
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attractive forces are suppressed. As a result, low viscosity and high dispersibility of 

the ceramic suspension may be obtained thanks to the reduced degree of particle 

agglomeration and flocculation 106. According to Kim at al. 106 the surface 

roughness of printed parts is also influenced by the dispersant concentration; the 

surface becomes smoother as the dispersant concentrations increase. 
 

 

 

Figure 1.13 The mechanism of shear thickening 10 

 

Li et al 109 investigated the behavior of 12 dispersants in zirconia suspensions. They 

identified DISPERBYK-103 as the best candidate, and successfully prepared high 

solid loading (42 vol%) slurries with the addition of 3.5 wt% of dispersant. 

Generally, there are two categories of photocurable ceramic resins: aqueous 
(acrylamide-based) and non-aqueous (acrylate- and epoxy-based) resins. 110. The 

aqueous resin, from one side is free from volatile organic compounds, and, on the 

other side, shows disadvantage related to the low strength of the green body. 

In contrast, non-aqueous ceramic resins provide higher strength for the cured body. 
Another crucial factor is the homogeneity of the dispersion. Ceramic suspensions 

should exhibit good stability of dispersion in order to manufacture structures with  

sufficient homogeneity and high density 106. A homogeneous dispersion of ceramic 

powders in the photocurable slurry is beneficial for enhancing the curing 
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performance of the suspension, as well as the shaping and preparation of the green  

body. Ultrasonic dispersion or ball-milling are often used to improve the 

homogeneity of the ceramic suspensions. Furthermore, it is demonstrated that the 

mutual attraction between the ZrO2 particles increases as the solid loading increases 
111. Cai et al. 108 studied the effects of slurry mixing methods and solid loading on 

the rheological properties and demonstrated that the viscosity reached by the multi- 

step mixing method was lower than that by the one-step mixing method. 

Electrosteric dispersants contain a mix of poly(meth)acrylic acid and ammonium 

ions. The ions interact with the organic media and generate an absorbing band at 

365 nm. 

Cailliet et al. 74 tested four dispersants: Disperbyk 111 and Rhodafac-RS-610-E that 

exhibit a steric repulsion effect. Synthron B03 and Darvan C–N with an 

electrosteric effect, a combination of electrostatic and steric dispersions. In Caillet's 

study, the amount of dispersant added to a 45 vol% Ce-TZP powder, ranged from 

1 to 3.5 wt% and the optimum amount was found in the 1.5 wt% of Rhodafac-RS- 

610-E. Additives and dispersants can absorb a certain amount of light, thus 

reducing the photon flux available for the photochemical reaction. Generally, steric 

dispersants exhibit a low absorption of UV light. The resolution is affected by the  

absorbance of the photoinitiator at the actinic wavelength, also called near 

ultraviolet (UV), a critical aspect for the light penetration in-depth of each layer. 

Another important aspect is the photopolymerization reaction attenuated by the UV 
light scattering. ZrO2 has a large refractive index, which could result in more UV 

light absorbed or scattered by the ceramic matrix material, leading to reduced 

curing depth. Therefore, the presence of Al2O3, as second phase with a lower 

refractive index, into ZrO2 could alleviate this phenomenon 112. 
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1.3.1 Light - polymer interaction 
 

In stereolithography, through UV-light exposure, a chain reaction starts by reactive 

species (free radicals or ions) and transforms a multifunctional prepolymer into a  

cross-linked polymer. Since most prepolymers do not generate initiating species 

after UV exposure, the introduction of organic molecules with low molecular  

weight (initiators) to start the polymerization, through photophysical and 

photochemical reaction, is necessary. The light-polymer interaction is a 

photophysical process, which does not involve chemical changes, but only sets 

electrons into motion. When a chromophore (a functional group with electrons from 

π and η orbitals) absorbs light, the photon reacts with an atom or group of atoms 

and induces transitions between the ground state and the excited states. In Franck - 

Condon theory, 10-5 s is the time necessary to absorb a photon and transit to an 

excited state. 

When a molecule absorbs the light, the electrons are set into motion by the 
oscillating electric field, which is promoted from the highest occupied molecular  

orbital to an unoccupied molecular orbital with the formation of an excited singlet  

state molecule with a short life (less than 10-8 s), which disappears by dissipating 

the excited energy. The light absorption by a molecule and the evolution of the 

excited states can be better understood through the Jablonski energy diagram 113 

(Figure 1.14) 

The absorption of energy E from the photon, given by hv where h is Planck”s 

constant (6.62 x 10-34 J.s) and v is the frequency of the radiation, which must be at  

least as high as the as the energy difference ΔE between the ground state and the 

excited one. During the transition, the interaction between the electric compon ent 

of the radiation and the molecule happens with consequent variation in the 

molecule's dipole moment. Light absorption is given by εβL, where ε is the 

extinction coefficient, β is the concentration of the absorption species 
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(photoinitiators), and L is the light-path length. During the photon-molecule 

interaction, a valence electron moves from the highest occupied molecular orbital  

to an unoccupied one, with the formation of an excited singlet state molecule with  

a short life (less than 10-8 s) that disappears dissipating the excited energy 114. 
 

 

Figure 1.14 The Jablonski energy diagram 113 

 

 

Bagheri et al. 115 studied in deep the photopolymerization in 3D printing providing 

an overview of novel 3D printable photopolymers and challenges that limit the use 

of conventional photopolymers. They discussed as well recent progress of 

controlled living radical photopolymerization techniques in 3D printing, which will 

open the way to innovative 3D materials with living features and post-printing 

modifications. 

3D photo-cross-linking strategy is based on the use of liquid monomers/oligomers 

curable through light source exposure at a specific wavelength. A photoinitiator is  
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necessary to convert photolytic energy into the reactive species (radical or cation)  

which can drive the chain growth via the radical or cationic mechanism. High molar 

extinction coefficient photoinitiators at short wavelengths (UV < 400 nm) are used 

to start the photochemical reaction. These systems show some shortcomings: UV 

photons have a low penetration depth (∼100 μm), resulting in a time-consuming 

printing job. For bioprinting, UV light is risky for cellular photodamage such as 

genetic and chromosomal instability in cells. Prolonged high-energy UV exposure 

might lead to collateral reactions of degradation of reactant and/or products. 

Bagheri et al. found the near-infrared (NIR)-induced photopolymerization as a 

potential solution to all the previously described issues 115. 

 

 

1.3.2 The curing mechanism 
 

The curing reaction induced by a UV light supplies the energy to bond numerous 

small molecules, forming a highly cross-linked polymer. 

The cured layer adheres to the previous ones and, through a layer-by-layer stacking 

process, the 3D structure is formed 106. 

Radical polymerization allows photopolymerization, by generating reactive species 

(free radicals) by the interaction with the light and formation of an insoluble and 

cross-linked 3D network. 
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Figure 1.15 Illustration of the curing process 114 

 
 

During the curing reaction occur, the following processes occur: 

• Gelation: transition from liquid to rubber 

• Vitrification: transition from liquid or rubber to glass 

 

During gelation, a molecular network is formed, and a gel and a sol phase coexist  

with consequently increasing of the viscosity. As the reaction further progresses, 

the amount of sol phase decreases, and the polymer becomes more cross-linked 

inhibiting molecular mobility. 

During the vitrification, a thermo-reversible process occurs: a glassy solid material 

is formed due to an increase in the molecular weight of the cured polymer and the 

polymer cross-linking density. During the curing reaction, the glass transition 

temperature increases as a consequence of the increase in molecular weight and 

cross-linking density. The kinetics of the curing is deeply influenced by the UV-

light intensity, the temperature, and the resin formulation 114. 
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The ceramic particles have a certain size distribution. According to the light 
scattering theory, both particles mean size and distribution affect the light 

scattering. The ceramic filler plays a key role within the suspension, interferes with 

the penetration of radiation due to the mismatch between the refractive indexes of  

the monomer and the ceramic powder causing scattering 116. 

Adake 118 investigated the spatial resolution upon cure depth and width of alumina  
suspensions printed by microstereolithography. They prepared two suspensions, the 

first by dispersing alumina in a monomer with a hydrophobic backbone structure 

(ends of the chain with –CH2–), and the second with a hydrophilic backbone (ends  

of the chain with –OH). The curing behaviors of the two formulations were studied 

by monitoring the C=C conversion. 

The extent of gelation of the hydrophobic backbone resin causes excess broadening 

of cure width, reducing the spatial resolution of the printed parts. 

 

 

1.3.3 The curing depth 

 

In digital light processing technology, curing depth is an important parameter  

related to the UV energy the slurry is exposed to 101. 

Cured thickness of a ceramic formulation versus the exposure time to UV 

irradiation is a parameter to assess the printability of a photocurable formulation.  

To measure the thickness of the cured layer, the photocurable formulation is spread 

on a substrate and a chessboard pattern is projected onto the surface. The cured 

layer is cleaned with paper and the thickness of the polymerized layer is measured 

with a digital micrometer. 

Borlaf et al.66 demonstrated that, even if the cure depth was deeper than the layer 

thickness, strong bonding between layers could not be assured. Insufficient 

exposure time could cause poor bonding between layers, and cracks could occur 
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during the debinding cycle, with a deleterious effect on the sample’s properties.  

However, if the exposure time is too long, the slurry outside the printing region is  

partly cured due to the light scattering, resulting in poor precision of the green 

samples 119. 

The curing depth is given by: 
 
Cd ≈ 

𝑑    1
 

𝑄   𝛷 
𝐼𝑛 

𝐸
 

𝐸𝑐 
(1.8) 

 

 

With 

                                                                                                                  (1.9) 
 

 

where, d is the mean particle size of the ceramic powder, Φ is the volume fraction 

of the powder in suspension, n0 is the refractive index of the polymeric solution, Δn  

is the refractive index difference between the powder and the polymeric solution, 

and λ is the radiation wavelength. 

Quantifying the effects of scattering is important to improve the reliability of the 

3D printing process. The curing behavior depends on the absorption of the 

monomer solution and by the entity of the scattering of the ceramic particles. 

The scattering theory has been developed to describe the interaction of light with 
particles in a liquid medium. The Mie theory describes the scattering of light of a  

round-shaped, isolated particle in an inert medium. For the ceramic photocurable 

suspension, the Mie theory cannot be used; due to the high solid loading, the 

particles cannot be considered isolated for photon scattering. Nearby ceramic 

particles cause cross-interactions and the scattering of a single particle is impossible 

to be analyzed separately 120. According to the Mie theory, the liquid medium must 

be inert, however, the monomer solution is reactive. 

By absorbing the photons, the monomer solution limits their propagation ability 
through the slurry affecting the predicted scattering length. 
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The UV penetration depth depends on the size of the ceramic particles, the distance 
between them (dispersion degree, solid load), and the refractive indexes (RI). The  

larger the difference in RI between the ceramic fraction and the resin, the smaller  

the penetration depth. The higher refractive index of ZrO2 results in a smaller 

penetration depth with respect to Al2O3 leading to a smaller layer thickness and to 

the over-curing of the slurry due to the light scattering 121. 

The refractive index (n) of α-Al2O3 has been reported to be 1.76 122. To the best of 

our knowledge, references of the RI of Ce-TZP could not be found. However, 
Shiraishi et al. 123 estimated it from the RI of pure ZrO2 (n = 2.160) and pure CeO2  

(n = 2.2) and estimated a 10Ce-TZP's RI much closer to 2.160. This suggests that 
there is a large difference in refractive indexes between the Ce-TZP and the Al2O3  

phases, provoking an important UV scattering at phase boundaries. 

Moreover, small particle size tends to increase the scattering with detrimental  

effects on cure depth, this can be explained by the higher numbers of scattering 

centers 70. 

Sun 124 discovered that the effects of the light scattering are strongest when the 

dimension of the ceramic powder is close to the laser wavelength and when there is 

an high contrast between the refractive index of the prepolymer and the particles. 

Li et al. 68 studied the light absorption of zirconia ceramics and found that 

absorbance decreases the curing depth and width. 

Zhang 125discussed the curing properties such as curing depth and width in the SLA 
process of 3Y–ZrO2 dispersed in an acrylic-based resin. They obtained a 

penetration depth of the slurries of 17.2 ± 0.50 μm and a critical exposure of 4.80 ± 

0.62 mJ/cm2. the slurries of 17.2 ± 0.50 μm and a critical exposure of 4.80 ±0.62 
mJ/cm2. 

As depicted in figure 1.16, one of the critical phenomena in stereolithography is the 
propagation of the light through the matter 126. When a photon travels through the 

ceramic suspension, it is scattered by ceramic particles, and its direction of 

propagation changes. 
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The incoming UV light is scattered by ceramic particles, which act as scattering 

centers 127. The photons are absorbed either by the UV- curable solution or the 

ceramic particles. The photons absorbed by the UV-curable solution will initiate 

the polymerization reactions 124. The light distribution in the slurry may influence 

the conversion rates of the monomer in the resin, which is a key parameter to 

define the degree of curing and the green parts’ accuracy 126. 

In a typical ceramic stereolithography process, the mean size of the particles is  
varied from 0.3 to 1 μm. A strong light scattering will occur when the particle size  

is close to the wavelength of UV light (0.364 μm) 124. Scattering also reduces the 

depth of cure and the degree of secondary exposure between layers, resulting in the 

weakness of interlayer bonding 126. 
 

 

 

 
Figure 1.16 Schematic representation of absorption and light scattering in optically 

inhomogeneous media. n1 is the refractive index of the ceramic particles, n2 is the 

refractive index of the UV-curable resin.



39  

1.4 The resin composition 

Photocurable resins for SLA and DLP-stereolithography are constituted by the 

precursors which form a crosslinked network once polymerized and the 

photoinitiator which starts the reaction of polymerization. Inert dyes that absorb 

incident light and improve control over the polymerization might also be 

introduced. Diluents, surfactants, and stabilizers are examples of other additives  

that could be introduced in the resin (fig 1.17). 
 

 

 
 

Figure 1.17 Resin composition in stereolithography 59 

 

 

 

1.4.1 Precursors 
 

In stereolithography the precursors are liquid molecules that, after exposure to light, 

polymerize to form a 3D framework. Acrylate-based resins are commonly used in 

the SLA and DLP-stereolithography processes. These resins exhibit on one side 

high reactivities but on the other side, they show a shrinkage during printing, 

causing potential distortion of the printed part, and high sensitivity to oxygen, 

which inhibits the polymerization reaction. 
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Vinyl ethers are very reactive systems too that polymerize through a cationic 
mechanism. Epoxy systems, less reactive than acrylates and vinyl ethers, are also  

based on cationic photopolymerization, are inhibited by the humidity but are stable 

to the oxygen. Epoxy resins exhibit lower shrinkage compared to acrylate ones. 

Hybrid systems have been developed in order to benefit of both advantages of  

epoxy and acrylate systems in term of fast curing and low shrinkage rate 87. 

Zheng et al. 128 prepared ZTA ceramics slurries with a solid loading of 50 vol% and 

viscosity less than 20000 mPa·s printable by DLP-stereolithography. UV-curable 

precursor mixtures were produced by diluting Ethylene Acrylate Copolymer (EA) 

with 1,6-Hexanediol diacrylate (HDDA), Di-TMPTA (weight ratio of 3:5:2), and 

Thermoplastic polyolefin (TPO). Good fluidity and curing properties were 

obtained.
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1.4.2 Photoinitiators 
 

The photoinitiator is the resin component that reacts to light, it is crucial since it  
governs the curing rate. The photoinitiator must be highly soluble in the 

prepolymer, have a high initiation efficiency, and storage stability. The 

photoproducts generated by the initiators shouldn't be toxic or cause polymer 

degradation over time and must be colorless. 

There are two main categories of photoinitiators: radical and cationic. Some 

initiators (such as iodonium and sulfonium salts) have the capacity to start  curing 

processes via both radical and cationic mechanisms. To enable a cure depth 

between 0.1 and 2.5 mm, photoinitiators are added in concentrations ranging from 

to 12 wt%. 

The absorbance of the incident radiation by a radical photoinitiator leads to the 

formation of radicals. To avoid quenching (process which decreases the 

fluorescence intensity), the excited species must have a brief lifetime in presence  

of oxygen or the prepolymer. There are two major categories of radical initiators 

commonly used in stereolithography: 

• Initiators that promote radical polymerization by photo-cleavage (type I) such 

as, α-amino ketones, benzoin ether derivatives, benzyl ketal, 

hydroxyalkylphenones, acylphosphine oxides, etc. 

• Initiators that promote radical polymerization by hydrogen abstraction (type II) 

such as, aromatic diketones, benzophenone, xanthones, thioxanthones, 

phenylglyoxalates, camphorquinone, etc. 

Onium salts, such as iodonium and sulfonium salts, are frequently used as cationic 

initiators because they generate reactive species when exposed to UV light. 

However, most of the onium salts absorb below 350 nm but, with sensitizers such  

as polycyclic aromatic hydrocarbons or aromatic ketones, the light yield can be 

increased. Other cationic photoinitiators are metallocene salts that can be used in 

combination with oxidizing agents. 
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Originally, free radical systems based on acrylate and methacrylate monomers were 

widely used in resins for DLP-stereolithography. However, acrylates are 

flammable, have an unpleasant odor, and might be dangerous. 
 

 

1.4.3 Absorbers 
 

Light absorbers reduce the penetration of light into the resin and limit the curing 

depth. The most commonly used UV absorbers are benzotriazole derivatives. Bail  

et al. 129 added the color-neutral UV absorbing additive 2-(2-hydroxyphenyl)- 

benzotriazole derivative in the acrylic resin in order to investigate the UV-absorber 

effect in the microstereolithography (operating wavelength at 405 nm). 

Benzotriazoles are well-known light stabilizers that reduce the detrimental effects  

of long exposure to UV radiation such as in organic components or polymers. Bail  

demonstrated that the addition of 0.2 mol% of benzotriazole derivative effectively  

enhances the dimensional and geometrical properties of the stereolithography 

process even if the printing times slightly increased. 
 

 

1.4.4 Fillers  
 

A high content of fillers is beneficial to reduce the shrinkage of the printed parts 

during the binder burnout. The dimension of the filler particles must be smaller 

than the layer height 87. As previously mentioned, in highly filled resins with 

particles in the size range of the light wavelength, scattering happens and affects 

resolution and cure depth. By reducing the difference between the refractive index 

of the matrix and the filler ,scattering decreases 91. 

Badev et al. 112 explored the influence of the size and concentration of the filler  

particles (SiO2, Al2O3, ZrO2 and SiC) to the acrylate oligomer. They studied the  
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rheological behavior and reactivity of the slurry under UV radiation by 
stereolithography. 
The study of the rheology of the suspensions after the addition of the fillers showed that the 

overall rheology did not affect the kinetics of photopolymerizatio 

 

 

1.4.5 Additives 
 

Rheological additives and stabilizers are necessary for extending shelf-life of 
slurries as well as stability during long printing jobs. Agglomeration and 

sedimentation of particles need to be avoided to ensure the homogeneity of the 

slurry. To this aim, dispersants such as oligomeric surfactants, long-chained acids 

like oleic acid 103, or phosphine oxides with aliphatic chains can be used 130. 

 

 

1.4.6 Dispersing Agents 

 

Thanks to the high molecular weight, the addition of the dispersant endows the 
ceramic powders with a thicker adsorption polymer layer leading to a stronger  

steric/electrostatic repulsion force offsetting the Van der Waals attractive force.  

After surface modification generated by the dispersant, the ceramic particles turn  

from surface hydrophilic to hydrophobic ones, which is beneficial for the 

wettability of powders into the resin thanks to the analogous chemical structure 

between the hydrophobic groups of the dispersant and the acrylate resin. The 

dispersant helps to reduce the network structure degree and the viscosity thus, the  

powders are homogeneously packed in the slurry. The addition of the dispersant 

enables the production of slurries with an enhanced solid loading, inhibits 

flocculation, and facilitates the spontaneous spreading of suspension. 
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The resin is an acrylate-based organic solution, the ion intensity is weak to generate 
zeta potential and the steric repulsion takes over 131,132. The hydrophobic group 

ofdispersant should be highly compatible with the organic medium, if not the 

inter- particle interaction will lead to attractive forces. 133. 

According to the DLVO theory, dispersants provide homogeneous dispersions, 

maintain desired rheological behavior, and interact with the particles by balancing 

the attractive and repulsive forces 107,134. 

The nature of the interactions between the particles could be hard-sphere, 
electrostatic, steric or van der Waals. When particles act as a hard-sphere, the hard- 

sphere interaction takes place. The radius of the hard-sphere, RHS, is bigger than the 

core radius at natural stability. Strong repulsive forces and a reduced hard-sphere 

diameter are caused by particle contact. The formation of agglomerates occurs  

when the ion concentration in an aqueous system increases and the interference 

between the double layers becomes strong enough for the van der Waals forces to  

take control. 95,134,135. 

Three types of van der Waals interactions exist: dispersion (London), dipole-dipole 
(Keesom), and dipole-induced dipole (Debye). The strongest one is the London 

interaction. In absence of repulsive forces, the migration of the electron between 

two atoms produces high attraction between the particles. A stable colloidal is  

obtained when the attracting and repelling forces are in balance 95,136. 

When the surface of the particles contains thick layers of surfactant, steric 

interaction occurs, the polymer segments’ density in the interaction area increases,  

and the pressure forces the particles to separate. Steric stabilization happens when  

a polymer chain anchors the surface of a ceramic particle and the other side 

dissolves in the liquid phase. Surfactants are classified on the base of the nature of  

molecule charges: anionic, cationic, amphoteric, and non-ionic ones. 
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Anionic surfactants contain a negative hydrophobic part (alkali sulfonate, alkali  

sulphate, carboxylate, or phosphate group) with a hydrocarbon chain and/or a 

ring. Cationic surfactants consist of a positive hydrophobic group around 

pentavalent nitrogen. Depending on the pH of the solutions, amphoteric 

substances can operate as anionic or cationic surfactants. Non-ionic surfactants are 

not electrically charged, and the molecules react with water by ionizing or 

hydrogen bonding. The hydrophilic group is constituted of a hydroxyl group and/ 

or ether bonds and their solubility in water is affected by the amount of surfactants 

and the solution’ temperature 134. 

Attractive and repulsive forces, viscous forces, and Brownian randomizing affect 

the flocculation that occurs when the ceramic particles overcome the energy barrier 

or when the energy barrier between particles is low. A flocculated suspension is 

unstable even if this phenomenon could be reversible or irreversible. When it is 

reversible, the attraction forces between the particles are weak, (figure 1.18 d-f), 

while on the contrary, in the irreversible case, the attraction forces between the 

particles are strong, (figure 1.18 a-c), this happens due to poor mixing conditions.  
Xu et al. 133 successfully prepared UV-curable Al2O3 suspensions with the addition 

of 2 wt% of the commercial dispersant Disperbyk-111. They achieved a high solid 

loading of 55 vol%, and a low viscosity of 1.04 Pa.s at 30 s−1. Through DLP- 

stereolithography, they printed complex-shaped parts with high density. 

Sokola et al. 137 used the Disperbyk-103 to create stable zirconia slurries with a 

suitable viscosity (0.93 Pa.s at a shear rate of 10 s−1) and high solid loading (40 

vol%) thanks to the addition of 10 wt% (respect to the weight of powder) of BYK- 

103. Sintered parts with a 98.2% of TD were obtained. 

Caillet et al. 74 investigated high loading photocurable slurries (45 vol%) prepared  
with Y-TZP, Ce-TZP and Ce-TZP/Al2O3. A viscosity of 10 Pa s−1 at 150 s-1 was 

obtained through the addition of 2 wt% of Disperbyk 111. CeO2 is a well-known 

UV-absorbing material because of its wide band gap (3.37 eV); in Ce-TZP and 

Ce-TZP/Al2O3 affects the curing behavior, but the addition of the photoinitiators 
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BAPO (phenylbis (2,4, 6-trimethyl- benzoyl)phosphine oxide) and MMMP (2-

methyl-4′-methylthio-2- morpholinopropiophenon) enables to achieve a layer 

thickness of 75 μm. 
 

 

 
 

Figure 1.18: States of flocculation in suspensions 136 
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1.5 Debinding 
 

The debinding is considered the most critical step of the vat-photopolymerization 

process, it depends on several parameters, such as the slurry solid loading, the 

binders’ chemical composition and the dimensions of the parts. 

The debinding is the longest phase (80-100 hours are common) of the 
manufacturing process. Defects such as cracks, delamination, deformation, and 

collapse may occur, compromising the quality of the sintered parts 108. 

During the debinding step, the polymerized resin, which acts as a matrix for the 

ceramic powder, decomposes and evaporates at high temperatures in a controlled 

temperature program. The burn-out of the organic compounds leads to shrinkage 

and the weight loss is proportional to the amount of organic matter in the slurry 98 . 

Thermogravimetric analysis (TGA) and Fourier transform infrared (FT-IR) 

spectroscopy are used to select the appropriate thermal cycle for debinding. 

The success of the debinding process increases with an increase in the ‘surface to 

volume ratio’ of the parts: porous and reticulated structures are easier to debind  

compared to full dense parts or parts with thick walls. Furthermore, the gaseous 

pyrolysis products' mean diffusion length is important. Thinner parts are easier to 

debind than the thicker ones and spheres are the most challenging structures to 

debind. The optimization of the debinding cycles for specific geometries as well as 

for the type of ceramic powder and the used organic substances 98 is necessary in 

order to avoid cracks formation and distortions in final shape dimensions. 

Previous studies 108,138 reported that, typically, mass loss starts at ~ 200 °C, and 

nearly complete organic material decomposition occurs below ~ 600 °C. The 

process is also influenced by physical characteristics like the particle size 

distribution and the quantity of filler material. After debinding, the parts are further 

heated to the sintering temperature of the ceramic powder to reduce the porosity 

and obtain dense ceramic parts 98. 

Wang et al. 102 reported a two-step process: a low-temperature debinding (200–300 
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°C) and a high-temperature debinding (300–600 °C). In low-temperature debinding, 
the decomposition gases migrate from inside to outside via the formed 

interconnected pores. In the high temperature one, carbon oxidize after binder 

decomposition, and expanded CO2 is released with consequent formation of 

cracks. To optimize the process and prevent fractures, slow ramps and extended 

temperature holding times may be necessary, resulting in a lengthy debinding 

procedure (on the order of up to 100 h). 

Liu et al. 139, manufactured UV curable suspensions with low viscosity with the 
stereolithography technique. They adopted a 16 h debinding to transform green 

parts into transparent glassware. The evaporation of unpolymerized monomers 

provokes the formation of penetrating tunnels that help the organic matter escape  

out of the green parts thus, it was possible to adopt a fast debinding program. 

By the addition of non-reactive diluents (butoxy ethyl acetate (BEA) and 

poly(ethylene glycol) 200 (PEG-200)) into the resin, Johansson 55 reduced the 

shrinkage, delamination, and intra-laminar cracks of the parts that typically occur  

during the debinding step. The non-reactive components decrease the shrinkage, 

reducing built-in stresses in the printed parts since they decompose rather than 

evaporate, leading to less residual porosity. 

Zhou 140 et al. adopted a two-step debinding procedure consisting first of a vacuum 
pyrolysis step and a following air debinding. In addition, they used a liquid 

desiccant-based (PEG 400) drying process to decrease the shrinkage of the green 

parts during drying and improve the density. Highly dense (99.3% of TD) and 

defect-free Al2O3 cutting tools were fabricated via stereolithography. The Vickers  

hardness of the sintered parts was ∼17.5 GPa. 

According to Pfaffinger et al. 98 the debinding is highly influenced by the geometry 
and the dimension of the ceramic particles. Ceramic particles with a mean particle  

size < 1μm negatively affect the debinding process by increasing the risk of  

intralaminar cracks because of the micrometer pores limiting the diffusion of the 



49  

burn-off gases. Pfaffinger assets that one solution is the increasing of the debinding 

time. 

Li at al. 141 studied the effect of the debinding under argon atmosphere of alumina  

ceramics printed via stereolithography. They observed a reduction of the 

volatilization rate of organics as respect to an air atmosphere by reducing the cracks 

and deformation of samples. The optimal debinding temperature was 500 °C which 

displayed a shrinkage of 2.3%, 1.9% and 3.4% in the X, Y and Z direction, 

respectively. At this temperature the open porosity was 35.6%. 
He et al. 80 fabricated complex-shaped ZrO2 ceramic parts through DLP- 

stereolithography. They used a two-step debinding cycle in order to inhibit the 

defects. At first, a vacuum debinding was performed to limit the decomposition rate 

of organic compounds of the green parts. Secondly, air debinding was performed 

to remove the carbon residues. This two-step method effectively reduces defects 

such as cracks and bubbles. After sintering, they obtained a TD of 97.14%. 
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1.6 Sintering 
 

To remove organic components from as-printed ceramic green bodies, post- 

debinding and sintering at high temperatures are required 106. 

Sintering is the densification process of compacted powder, to reach the dense final 

ceramic product, in which interparticle pores are eliminated by atomic diffusion 

driven by thermal energy. A reduction of the inner and outer surface areas 

happens. The atomic diffusion may cause unavoidable grain growth besides 

contributing to densification, which are two competing processes in sintering. 

Higher density generally results in improvement of properties like strength and 

toughness. The literature has not paid much attention to the sintering kinetics of 

the SLA and DLP-streteolithography based 3D printed systems until now 142. 

Borlaf et al. 71 developed zirconia and ATZ (alumina toughened zirconia, a zirconia 

matrix with alumina particles, at 20 wt% Al2O3) then printed through UV-LCM- 

DLP additive manufacturing technology. They sintered the printed samples at 1450 

°C for 2 h, reaching a high fired density (~99%) and flexural strength (~800 

MPa). Wu et al. 142 studied SLA-based 3D printed Al2O3 and CeO2/ZrO2 co-doped 

Al2O3 to observe the densification degree and grain growth. Full densification 

could be realized at 1550 °C with fine grains for Ce–ZrO2/Al2O3 (figure 1.19). 
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Figure 1.19 The sintering kinetic (Grain size versus TD %) of pure alumina and Ce– 

ZrO2/Al2O 142 

 
 

1.7 Mechanical properties 
 

In ATZ (alumina toughened zirconia) composites, alumina provides high hardness, 

while tetragonal zirconia confers toughness, on account of its controlled change 

into the monoclinic phase. Despite the t → m phase transformation around the crack 

formation is the primary toughening mechanism, microcracking, crack deflection  

and bridging can also contribute to improve toughness. ATZ is highly used in 

structural ceramic applications, and biomedical applications, since its mechanical  

properties and toughness, tribological properties and biocompatibility are favoring 

implants’ lifetime 143. 

In ceramics with ZrO2 matrix, the addition of Al2O3 inhibits the development of 

pores, which improves the densification and the mechanical properties. Besides, 

Al2O3 ceramics have a high modulus of elasticity, and their dispersion in the ZrO2



52  

 

matrix can play a role in pinning as well as bending and deflecting cracks, which 

enhances the fracture toughness 144. As the amount of alumina increases the 

transformability of zirconia decreases.  At first, the addition of alumina induces in 

the ZrO2 matrix tensile residual cooling stress facilitating the phase 

transformation. The compressive stresses formed during transformation limits the 

toughness and the transformability. 

Regarding the mechanical properties of ATZ composites, it is fundamental to take  
into account the residual stress generated in the matrix because of the mismatch in  

the thermal expansion coefficient of alumina (8 × 10−6 K−1) and zirconia matrix 

(10.3 × 10−6 K−1) resulting from the formation of hoop tensile and radial 

compressive stresses near the free surface 145. The stiffer alumina counteracts the 

transformation toughening of the tetragonal zirconia by producing compressive 

stresses in the matrix 146. This phenomenon makes the zirconia grains stable and 

unable to react quickly to external stresses. Thus, when a crack propagates, higher  

fracture energies are necessary for the crack to continue the damage started. This  

crack deflection mechanism enhancement fracture toughness. A higher 

transformability in porous than in dense bodies can be assumed due to the less effect 

of the constraining matrix as the porosity increases. The residual tensile stresses on 

the zirconia grains decrease by increasing porosity negatively affecting their 

tendency to transform 147. 

The improvement in the ATZ mechanical properties is related also to other 
mechanisms such as crack deflection around the harder Al2O3 grains, even if this 

phenomenon is irrelevant for fine grain materials. When a crack tip reaches the 

alumina grain the crack have two possibilities: either it propagates through the 

alumina particles (transgranular fracture) or along the zirconia/alumina boundary 

(deflection) 148. 

Schwarzer et al. 58 realized highly complex alumina-toughened zirconia (ATZ) 
ceramics via DLP-stereolithography. The sintered bodies showed a density of up to 

5.45 g/cm³ and a homogeneous grain size distribution, no defects or pores, and a  

biaxial strength of 430 MPa.
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Borlaf and al. 71 fabricated ZrO2 and ATZ ceramics via UV-LCM-DLP. The printed 

parts with TD of ∼99% for both the materials were subjected to 4-point bending 

test, obtaining for both a flexural strength of ~ 800 MPa. 

Fournier at al. 149 produced 11Ce-TZP-based composites containing 8 vol% of 

alumina and 8 vol% of strontium aluminate through stereolithography. The SLA 

samples showed an enhanced plastic deformation (failure strain of 0.65%) 

compared to the samples obtained via cold isostatic pressing (failure strain of 

0.35%). Although, the bending strengths (4PB) showed very close values: 560 MPa 

for the printed samples and 560 for the pressed ones. A TD of 98.8 and 98.9 was 

obtained for the SLA and the pressed sample respectively. 

Osman printed zirconia dental implants with DLP technology. They obtained a high 

flexure strength value (943 MPa) comparable to the milled one (800–1000 MPa) 
150. According to the literature there are no relevant differences in the mechanical 

performance between the parts printed by SLA and DLP-stereolithography, due to 

the high similarity in the printing processing systems used in both technologies 143. 

In the last 20 years, conventional forming methods such as pressing and colloidal 

technologies achieved high levels in terms of the performance of the final parts.  

High densification combined with geometric complexity is easier to accomplish 

with colloidal-based than in powder-based technologies, of this reason suspension- 

based additive manufacturing technologies (i.e robocasting, SLA, DLP, LCM) are 

promising. 

Nowadays AM technologies, suitable for low-volume production but complex- 
shaped parts, have begun to substitute traditional processing even if conventional  

processing is still unbeatable in terms of mass production and low costs. 

According to the literature, in the AM field, stabilized zirconia is more studied than 

alumina due to its widespread use in the healthcare market 151. 
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1.8 Conclusions 

 
In this chapter the state of the art of DLP-stereolithography of zirconia‐based 
ceramics was discussed. 

In the first part, an overview of the most relevant zirconia – alumina composites 
and a brief description of the transformation toughening proper of zirconia materials 

and its consequences on the mechanical properties can be found. 

The second part of the chapter is focused on the DLP-stereolithography printing 

technique of zirconia-based ceramics. The overview on the DLP-stereolithography 

of the Ce‐TZP composites has revealed a gap in the scientific literature: few papers 

related to the 3D printing of ceria stablized zirconia have been reported and the 

main parameters able to affect the mechanical properties of zirconia ceramics 

fabricated by DLP-stereolithography have not yet been deeply investigated. 

Starting from this background, the aim of this study is the development of dense 

and homogeneous Ce-ZrO2/Al2O3 composites, through a careful preparation of 

printable slurries. 
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In this chapter, the procedure to prepare Ceria (CeO2) stabilized zirconia (ZrO2)-

based composite powder, which will be used as powder in photocurable slurries 

printable with the digital light processing technique, is described. 

The studied ceramic composite composition is 84 vol% ZrO2 (11 mol% CeO2) and 

16 vol% Al2O3 (denoted ZA16Ce11). 

The adopted process for the elaboration of the bi-phasic powder is described in 

section 2.1. In section 2.2, the dispersion method and the study on the choice of the 

appropriate dispersant are depicted. The last paragraph, 2.3, is dedicated to the 

characterization of ZA16Ce11 from the microstructural and crystallographic point of 

view. 
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2.1 Elaboration of ZA16Ce11 bi-phasic powder 

To obtain the bi-phasic composition 84 vol% ZrO2 (11 mol% CeO2) and 16 vol% 

Al2O3 (denoted ZA16Ce11 hereafter), selected commercial powders (α‐Al2O3, 10Ce-

ZrO2 and 12Ce-ZrO2, more details in section 2.1.1) were dispersed in ethanol. 

Ethanol was selected as the liquid medium for the dispersion to limit the formation 

of "hard" agglomerates that arise in aqueous systems during the drying of the 

powders. When agglomerates are easily crushed, and the constituents have the 

capability of being distributed uniformly, they are referred to as "soft", and those 

without this capability are referred to as "hard" 1.  For this reason, a nonaqueous 

liquid medium, such as ethanol, was chosen to form easily crushable "soft" 

agglomerates. The dispersibility of the as‐received powders were investigated by 

using the ball milling technique. Zirconia spheres (2.0 mm in diameter, supplied by 

Tosoh Corporation) were employed and a laser‐granulometer was used to check the 

particle size distribution in function of the milling time. The study of the 

dispersibility was carried out by using a solid loading of 10 wt% and a powder‐to‐

spheres weight ratio of 1:10. A good dispersion with a monomodal narrow particle 

size distribution was reached after 18 hours of ball‐milling. The suspension was 

dried on a hot plate magnetic stirrer at 60 °C until the evaporation of the liquid 

medium and then was left in an oven overnight at 60 °C to complete the drying. 

The dried Ce-ZA16 composite powder was sieved by means of a sieve with apertures 

of 125 µm. Figure 2.1 shows the flow chart of the adopted procedure. 

 
Figure 2.1 Flow chart of the composite powder elaboration procedure 
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2.1.1 Characterization of the starting powders  

ZA16Ce11 bi-phasic powder was prepared with the ceria‐stabilized zirconia (Ce-

ZrO2) supplied by Daiichi Kigenso (Kagaku Kogyo Co. ltd, Japan). Two typologies 

of Ce-ZrO2 powders were employed, containing 10 mol% (10Ce-ZrO2) and 12 

mol% (12Ce-ZrO2) of ceria in order to obtain the final amount of 11 mol% of ceria 

in the zirconia lattice. Other information supplied by the producer 2 are collected in 

Table 2.1. 

 

10Ce-TZP powder 

    Item Analysis resultts 

ZrO2 (+HfO2)  86.39 wt% 

CeO2 13.37 wt% 

Al2O3 0.23 wt% 

Specific surface area 14.3 m2/g 

Particle size (D50) 0.5-1.0 µm 

Green density 2.91 g/cm3 
 

12Ce-TZP powder 

    Item Analysis results 

ZrO2 (+HfO2)  83.4 wt% 

CeO2 15.6 – 16.4 wt% 

Al2O3 0.25 wt% 

Specific surface area 10-15 m2/g 

Particle size (D50) 0.5-1.0 µm 

Green density 2.91 g/cm3 
 

 

Table 2.1 Technical data sheet of Daiichi 10Ce-TZP (sx) and 12Ce-TZP (dx) powders 

 

 

 

 

In order to have α‐alumina as a second phase, alumina powder TM‐DAR 

TAIMICRON supplied by Taimei Chemicals Co., Japan was selected. The main 

features of the powder provided by the supplier 3 are reported in Table 2.2. 
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α‐alumina powder 

Crystalline phase Alpha 

Specific surface area  14.5 (m2/g) 

Particle size (D50) 0.10 µm 

Purity (by ICP‐AES) 99.99% 

Impurities (ppm) (by ICP‐AES) Si (10) 
Fe (8) 
Na (8) 

 

Table 2.2 Technical data of TM‐DAR TAIMICRON alumina powder 

 

The XRD pattern of the as‐received 10Ce-ZrO2, 12Ce-ZrO2 and α‐alumina powders 

are reported in Figure 2.2. For 10Ce-ZrO2 and 12Ce-ZrO2, the peaks of both 

monoclinic and tetragonal zirconia phases have been indexed. A monoclinic 

volume fraction, Vm, of 76 % and 37% was determined respectively for 10Ce-ZrO2 

and 12Ce-ZrO2 by applying the Toraya 4 equation (as detailed in the Appendix). 
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Figure 2.2 XRD patterns of as-received Al2O3, 10Ce-ZrO2, 12Ce-ZrO2. α=α-Al2O3; 

=t-ZrO2;     = m-ZrO2 

(Monoclinic zirconia phase JCPDS n° 74-0815, tetragonal zirconia phase JCPDS n° 82-

1398 and α-Al2O3 phase JCPDS n° 10-0173) 

 

 

2.2 Dispersion of the zirconia-alumina powders through 
wet ball-milling technique 

Slurries with high dispersibility and stability are challenging to obtain. The 

preparation of a slurry with suitable parameters such as solid loading and dispersant 

amount is critical. The rheology of the slurry is affected by the ball-milling time, as 

it can provide refined particle and homogeneous composition, in order to prevent 

interparticle agglomeration and allow the slurry to achieve uniform adsorption of 
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the dispersant. Because of that, the powder preparation process is a crucial step that 

will affect first of all the slurry behavior, and then the sintering and the mechanical 

properties of the printed parts. FESEM micrographs were collected (Figure 2.3) in 

order to observe the primary particle size, useful to be used as a reference in the 

process of deagglomeration. 

 

 

Figure 2.3 FESEM images of the as-received Al2O3 (a) and 10Ce-ZrO2 (b,c) 

 

The grade of agglomeration was measured by laser granulometry (Mastersizer 

3000, Malvern Panalytical, Worcestershire, UK). A significant difference in the raw 

powder’s agglomeration can be appreciated. 10Ce-ZrO2 and 12Ce-ZrO2 powders 

are both characterized by a bimodal distribution, instead α-Al2O3 powder shows, at 

larger values, an almost monomodal distribution. Table 2.3 displays the particle 

size distribution of the as-received powders.  
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Figure 2.4: Particle size distribution of the as received raw powders: (a) 10Ce-ZrO2, 

12Ce-ZrO2 and α-Al2O3. 

 
 

 D10 (µm) D50 (µm) D90 (µm) 

10Ce-ZrO2 0.2 0.4 1.6 

12Ce-ZrO2 0.3 0.8 1.9 

α-Al2O3 8.2  28.3 62.1 

 
Table 2.3: Particle size distribution of as-received 10Ce-ZrO2, 12Ce-ZrO2, -Al2O3 

powders 
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2.2.1 Study of the appropriate dispersant  
 

The dispersant added to the bi-phasic suspension was selected on the basis of 

several previous dispersion tests, checking the particle size distribution over time. 

Based on 5–7 data, the effect of four dispersants, namely Darvan C, Duramax D-

3005, Disperbyk 103 and Disperbyk 180 were investigated. Technical information, 

given by the suppliers, are reported in tables 2.4, 2.5, 2.6 and 2.7, respectively. 

 

• Darvan C is supplied by R.T. Vanderbilt Company, Inc., Norwalk, CT 

(USA) and it is an ammonium polymetacrylate. Its role is to improve 

particles dispersion by increasing the strength of the anionic charge on the 

particles surface, thus involving reciprocal repulsion. 

 
ITEM ANALYSIS RESULTS 

Molecular weight 10000-16000 Da 

Physical form Liquid 

Appearance Clear to slightly opalescent amber fluid 

Density at 25 °C  1.11 mg/mL 

Percent solid 25 

pH 7.5 to 9 

Viscosity 75 cps 

Solubility Completely soluble in water system 

 

Table 2.4: Technical data sheet of Vanderbilt Darvan C 8 

 

 

• Duramax D‐3005 is supplied by Rohm and Haas Company, Philadelphia, 

PA (USA); it is an ammonium salt of a polyelectrolyte. The recommended 

amount of Duramax D‐3005 to be added is a function of the powder specific 

surface area: for zirconia powders, the supplier suggests about 2.2 mg/m2. 
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ITEM ANALYSIS RESULTS 

Molecular weight 2400 Da 

Physical form Liquid 

Appearance Pale yellow 

Density at 25 °C 1.16 mg/mL 

Percent solid 35 

pH 6.0 to 7.0 

Viscosity <100 cps 

Solubility Completely soluble in water system 

 
Table 2.5: Technical data sheet of Rohm and Haas Duramax D-3005 9 

 

 

• DISPERBYK 103 is supplied by BYK Chemie Company, Wesel (Deutschland). It 

is a solution of a copolymer with filler affinic groups. 

 

ITEM ANALYSIS RESULTS 

Physical form Liquid 

Appearance Pale yellow 

Density at 20 °C 1.06 g/mL 

pH 6.0 

Solubility Completely soluble in water system 

 

Table 2.6: Technical data sheet of DISPERBYK 103 

 

 

• DISPERBYK 180 is supplied by BYK Chemie Company, Wesel (Deutschland). 

It is an alkylolammonium salt of a copolymer with acidic groups. 

ITEM ANALYSIS RESULTS 

Physical form Liquid 
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Appearance Transparent 

Density at 20 °C 1.07 g/mL 

pH 5.0 to 7.0 

Solubility Completely soluble in water system 

 

Table 2.7: Technical data sheet of DISPERBYK 180 

 

 

The study of the dispersibility of the 10Ce‐TZP, 12Ce‐TZP, and α-Al2O3 powders, 

to obtain the final composition ZA16Ce11, was carried out with a solid loading of 10 

wt%, by using absolute ethanol as the liquid medium, and a powder‐to‐spheres 

weight ratio of 1:10.  

In order to identify the appropriate quantity of dispersant to add, different batches, 

with 1, 1.5, 2, 2.5, and 3 wt% of dispersant were prepared. Already with the addition 

of the lower amount of dispersant, a clear increase in the suspension flowability 

was visually observed. The granulometry was checked each two hours until when 

a monomodal and fine distribution was reached. 

As depicted in figure 2.5, orange and light blue line, Darvan C and Disperbyk 180 

were eliminated among the candidates because after 30 hours of ball milling, and 

with different amounts of dispersant, a good powder dispersion was not reached 

and a bimodal distribution of the particle was still observed. With Duramax D-3500 

a good powder dispersion was reached with 1.5 wt% amount and after 18 hours of 

ball milling, a monomodal distribution was reached (figure 2.5, blue line).  
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Figure 2.5 Particle size distribution of the ZA16Ce11 as a function of different dispersants. 

Cumulative frequency (dotted lines) and frequency (solid lines) are shown. 

 

 

When Disperbyk 103 was added, the desirable conditions were reached with 2.5 

wt% of dispersant and again after 18 hours of ball milling. Dispersants contain 

different anchoring head groups and carbon chain lengths; thus they can provide 

different degrees of steric stabilization. Of the four screened dispersants, 

DISPERBYK-103 is very effective in terms of dispersibility reached, probably due 

to the anchoring functional groups that can easily bind to the ZrO2 particle surface 

and the end chains good affinity into polar media 

As depicted in the time monitoring in figure 2.6, despite the agglomeration of the 

raw powders, after 18 hours of ball-milling, a monomodal and narrow distribution 

was achieved, with a mean particle size of 0.3 µm. In addition, as explained in detail 

in chapter 4 dedicated to the slurry preparation, the dispersant added in the mixture 

powder-acrylic resin was again Disperbyk 103. As a matter of compatibility, and 
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for the best results obtained, Disperbyk 103 was chosen as the definitive dispersant 

for the dispersion of powder. After drying, the composite powder was re-dispersed 

into ethanol, and the degree of agglomeration was again evaluated via laser 

granulometry. The particle size distribution of the dried powder was close to that of 

the dispersed alcoholic suspension, suggesting that during drying, no agglomerates 

or easy-to-redisperse agglomerates formed, and confirming the effectiveness of the 

adopted procedure.  

   
 
Figure 2.6 Particle size distribution of the ZA16Ce11 dispersed with 2.5 wt% of Disperbyk 

103 as a function of milling time. Cumulative frequency (dotted lines) and frequency 

(solid lines) are shown. 
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2.3 Characterization of ZA16Ce11  

The XRD pattern of the ZA16Ce11 powder is reported in figure 2.7 in which the peaks 

of α-Al2O3, monoclinic and tetragonal zirconia have been highlighted. Using the 

Toraya equation, a monoclinic volume fraction (Vm) of 82% was calculated, which is 

significantly a higher value than the single zirconia powders alone. Wang et al. 10 

assessed that the t-m phase transition occurred due to stress induction. 

The wet ball milling process provokes powder modifications; increases the activation 

energy inducing chemical reactions, thus, at the end of the process the powder shows 

excellent physical, chemical, and mechanical properties. By reducing the particle size 

the surface area increases, and the lattice strain too 11. 

 

Figure 2.7 XRD pattern of the ZA16Ce11 powder 

(Monoclinic zirconia phase JCPDS n° 74-0815, tetragonal zirconia phase JCPDS n° 82-

1398 and α-Al2O3 phase JCPDS n° 10-0173) 
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The composite powder was used to prepare, by conventional uniaxial pressing, 

reference samples to compare with printed samples (figure 2.8). The microstructure 

of the ZA16Ce11 was investigated with a Field Emission Electron Microscope 

(FESEM). The samples were sintered at 1500° C/1 h. The Al2O3 and Ce-ZrO2 grains 

were determined with image analysis software (Java-based ImageJ software) 

through the linear intercept method according to the ASTM E112-13. An average 

of 200 grains of each phase were analyzed, mean values of 0.9 ± 0.3 μm and 0.3 ± 

0.2 μm were found respectively for zirconia and alumina in the biphasic material. 

 

 

 

 

 

 

 

 

 

Figure 2.8 FESEM micrography of ZA16Ce11 powder pressed via uniaxial pressing 

1500°C –1 h 
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2.4 Conclusions 
 

In this chapter, the procedure to prepare ZA16Ce11 bi-phasic powder to add to the 

dispersant-acrylic resin mixture for the preparation of photocurable slurries was 

described. The material was successfully prepared.  

The crucial elaboration steps, such as the raw powder dispersion and the effect of 

the dispersant were investigated and set up. 

The addition of the commercial dispersant (Disperbyk-103) to the dispersed 

powder, allows to obtain good dispersibility and avoids particles’ agglomeration. 

Full control of the powder features is essential in order to tailor the final 

microstructures and obtain stable slurries as well as defects-free green and sintered 

parts, as will be shown in the following chapters. 
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The third chapter is dedicated to the production of a tri-phasic composite powder. 

The second phases are formed through a surface modification of the matrix powder 

by inorganic precursors. The materials is designed, in fact, with secondary phases, 

in the shape of particles and platelets, able to enhance toughness and fracture 

strength. This composition was developed in the frame of a past European Project 

(Advanced multifunctional zirconia ceramics for long-lasting implants – Longlife, 

grant agreement n. 280741) in which the research group was involved and was used 

for the production of dental and spine implants via slip casting and uniaxial pressing 

methods 1-4. Aim of this research is to demonstrate the feasibility to obtain printed 

parts, starting from the same composite powder. Therefore, in this chapter, the 

triphasic powder was added to a photocurable slurry, to be printed via digital light 

processing. The tri-phasic formulation consists in the 84 vol% ZrO2 (11 mol% 

Ceria)/ 8 vol% Al2O3 / 8 vol% SrAl12O19
 composition, hereafter referred as 

ZA8Sr8Ce11. The adopted process for the elaboration of the tri-phasic powder is 

described in section 3.1. In section 3.2 the dispersion method is depicted. The last 

paragraph, 3.3, is dedicated to the characterization of ZA8Sr8Ce11 from the 

microstructural, crystallographic, and thermal point of view. 
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3.1 Elaboration of ZA8Sr8Ce11 tri-phasic powder  
 

The main goal of this part of the thesis is to develop a DLP paste with ZA8Sr8Ce11 

powder in order to study the feasibility of an additive manufacturing process of such 

type of composite.  

Because of its outstanding resistance to low-temperature degradation, high 

toughness, and biocompatibility, ZA8Sr8Ce11 is a particularly promising candidate 

for the development of patient-specific biomedical implants 1. 

In this material, in order to increase the mechanical properties of the ceramic matrix, 

SrAl12O19 was introduced. A characteristic feature of SrAl12O19 is an anisotropic 

growth, which generates elongated platelets and grains. 

Vishista and Gnanam 2 proposed a model of microstructural development were 

SrAl12O19 nucleates at the interfaces between alumina and SrO‐Al2O3 particles. The 

reaction proceeds by solid‐state diffusion through the reactant phase 3. 

The formation mechanism and growth of strontium hexaaluminate platelets during 

sintering was also studied by Kuzmin et al.4 . 

In this work, the final tri-phasic composite ZA8Sr8Ce11 contains: 

-84 vol% ZrO2 (11.0 mol% CeO2) as matrix  

-8 vol% Al2O3  

-8 vol% SrAl12O19 

It was obtained with the procedure described as follows. 

ZrO2 (10 mol% CeO2), was selected as matrix material. In order to deagglomerate 

the starting powder and obtain a suitable grain size, the powder was dispersed in 

distilled water and ball-milled for 18 hours at pH 3 by adding few drops of 

hydrochloric acid. Zirconia spheres (2.0 mm in diameter, provided by Tosoh 

Corporation) were used as milling media with a powder to spheres weight ratio of 

1:10 due to their excellent crushing strength and wear resistance. A laser‐

granulometer was used to check the degree of dispersion as a function of the milling 

time.  
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The precursor of cerium, ammonium cerium (IV) nitrate, was added to the zirconia 

slurry with the aim to increase the cerium content of the starting zirconia powders 

from 10 mol% (already present in the raw zirconia powder) to 11 mol%. To obtain 

α‐Al2O3 and SrAl12O19 second and third phases, the inorganic precursors (namely, 

aluminium nitrate nonahydrate and strontium nitrate) were first dissolved in 

distilled water and then dropwise added into the ball-milled ceramic slurry.  

ZrO2 (10 mol% CeO2) to aluminum nitrate weight ratio of 1:0.449 was employed 

to obtain in the final composite 8 vol% of Al2O3. A ZrO2 (10 mol% CeO2) to 

aluminum and strontium nitrate weight ratio of 1:0.389 and 1:0.018 respectively, 

were employed to obtain in the final composite 8 vol% of SrAl12O19. A ZrO2 (10 

mol% CeO2) to cerium nitrate weight ratio 1:0.04 were employed to obtain 11 

mol% CeO2. 

A dilution of the final mixture of 10 wt%, with respect to the solid content, was 

obtained by adding distilled water. In order to avoid hydroxide precipitation, few 

drops of diluted HCl were added to bring the pH of the suspension down to 3. 

Moreover, this final doped mixture was stirred for 2 hours to ensure high 

homogeneity. 

To achieve a uniform distribution of the second and third phase, a rapid drying is 

preferred. Because of that, the suspension was spray dried, the high surface area 

and the small volume of the droplets allowed the atomized suspension's water to 

evaporate rapidly. 

The inlet temperature of the spray drier was set at 160 °C, to induce the precipitation 

of the precursors onto the matrix powder surface (more details about the spray 

drying conditions are reported in the Appendix). After drying, the obtained product 

was submitted to a thermal treatment at 600° C first and then, 900° C to promote 

the second and third phase crystallization. The thermal treatment plays a role in the 

development of the final phase as well as in their distribution and size. 

The powder was then re-dispersed with 3 wt%, with respect to the powder weight, 

of Duramax D-3005 5 for 40 hours. The mixture was finally dried under magnetic 

stirring until when the water completely evaporated. To conclude, the dried powder 
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was ground and sieved by means of a sieve with apertures of 125 µm. The obtained 

powder was added to the acrylic resin for the preparation of the photocurable slurry. 

Figure 3.1 shows the typical flow chart of the adopted procedure. 

 

 
Figure 3.1 Flow chart of the adopted procedure for the tri-phasic composite powder 

elaboration 

 

3.1.1 Characterization of the raw materials 

ZA8Sr8Ce11 tri-phasic powder was prepared with the ceria‐stabilized zirconia (Ce-

ZrO2), containing 10 mol% of ceria, and supplied by Daiichi Kigenso (Kagaku 

Kogyo Co. ltd, Japan). Other information supplied by the producer 6 are collected 

in Table 3.1. 
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ZrO2 (10 mol% Ceria) powder 

Item Analysis results 

ZrO2 (+HfO2) 86.39 wt% 

CeO2 13.37 wt% 

Al2O3 0.23 wt% 

Specific surface area 14.3 m2/g 

Particle size (D50) 0.5-1.0 µm 

Green density 2.91 g/cm3 

 

Table 3.1 Technical data of Daiichi ZrO2 (10 mol% CeO2) powder 

 

In order to obtain α‐alumina as second phase aluminium nitrate nonahydrate 

supplied by Sigma-Aldrich was selected. The main features of the nitrate provided 

by the supplier 7 are reported in Table 3.2.    

 

Aluminum nitrate nonahydrate 

Formula Al (NO3)3∙9H2O 

Molecular weight 375.13 g/mol 

pH 2.5 – 3.5 at 50 g/L at 25 °C 

Water solubility 41.9 g/L at 20 °C 

Density 1.72 g/cm3 at 20 °C 

Purity ≥99.0% 
 

Table 3.2 Technical data of aluminium nitrate nonahydrate  

 

In order to increase the cerium content of the starting zirconia powders from 10 

mol% (already present in the raw zirconia powder) to 11 mol%, ammonium cerium 
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(IV) nitrate supplied by Sigma-Aldrich was selected. The main features of the 

nitrate provided by the supplier 7 are reported in Table 3.3.    

 

Ammonium cerium (IV) nitrate 

Formula (NH4)2[Ce(NO3)6] 

Molecular weight 548.22 g/mol 

pH 0.61 at 111.11 g/L at 20 °C 

Water solubility 919 g/L at 20 °C 

Density // 

Color orange 

Purity ≥98.5% 

 

Table 3.3 Technical data of ammonium cerium (IV) nitrate 

 

In order to obtain SrAl12O19 as third phase, strontium nitrate supplied by Sigma-

Aldrich was selected. The main features of the nitrate provided by the supplier 7 are 

reported in Table 3.4.    

 

Strontium nitrate 

Formula Sr (NO3)2 

Molecular weight 211.63 g/mol 

pH 6.7 at 10 g/L at 20 °C 

Water solubility 660 g/L at 20 °C 

Density // 

Color white 

Purity ≥99.0% 

 

Table 3.4 Technical data of strontium nitrate 
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3.2 Dispersion of the powder through wet ball-milling 

technique 

The ZA8Sr8Ce11 was successfully developed by INSA Lyon and Politecnico di 

Torino in the frame of the European project Longlife and led to patenting of the 

material and the process of obtaining it. The final goal of this research was to obtain 

the powder in the same condition and print it by DLP-stereolithography. 
The concentration and the ionic strength influence the stability of the ceramic 

powder slurry. The pH of the suspension should be also carefully controlled to 

obtain a stable suspension and to avoid flocculation, heterogeneity and precipitation 

of secondary phases. For the elaboration process of ZA8Sr8Ce11, it was chosen to 

work under acidic conditions (pH = 3) for two reasons. First of all, under these 

conditions the hydroxide precipitation can be avoided, and then the elaboration 

process of the powder involves the use of acidic salts (nitrates). The acidic 

conditions were reached by adding diluted hydrochloric acid to the ZrO2 (10 mol% 

CeO2 dispersed powder). The natural pH of the aqueous suspension was decreased 

from 6.5 to 3. As soon as the hydrochloric acid was added, a relevant increase of 

the suspension flowability was visually observed. A good dispersion of the powder 

was reached after 18 hours of ball‐milling under acidic conditions. In Table 3.5, the 

D10, D50, and D90 values of the particle size distribution are collected. 

In order to induce the decomposition of the by-products, the doped powders were 

treated at 600 °C / 1 hour at the heating rate of 10 °C/min. A second pre-treatment 

was carried out at 900 °C/ 1 hour at the heating rate of 10 °C/min to induce the 

crystallization of the second phases on the zirconia particle surface 8,9.  

The calcinated powder was re-dispersed in distilled water with 3 wt% (as respect to 

the powder weight) of Duramax D-3005. The suspension was then ball-milled for 

40 h. 
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As depicted in figure 3.2, the particle size distribution of ZrO2 (10% mol% CeO2) 

after 18 h of ball milling is close to that of the ZA8Sr8Ce11 after the two thermal 

treatments at 600° C and 900° C and the second dispersion for 40 hours, showing 

the effectiveness of the adopted procedure. 

 
Figure 3.2 Particle size distribution of ZrO2 (10 mol% CeO2) after 18 h of ball milling 

under acidic condition (solid orange line) and of ZA8Sr8Ce11 after the thermal treatments 

and 40 h of dispersion with Duramax D-3005 (solid blue line) 
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Table 3.5: Particle size (μm) corresponding to 10% (D10), 50% (D50) and 90% (D90) of 

the cumulative distribution of ZrO2 (10 mol% CeO2) after 18 h of ball miller under acidic 

condition, as well as of the dispersed ZA8Sr8Ce11 composite powder. 

 

3.3 Characterization of ZA8Sr8Ce11 tri-phasic powder 
 

The thermal behaviour of the as-spray dried powder was investigated by 

Thermogravimetric-Differential Thermal Analysis (TG‐DTA) in a previous study 
10. A 30% of mass loss was recorded due to the precursors' decomposition which 

was totally accomplished at ~ 500 °C. A broad peak at 1200 °C, imputable to α‐

alumina or aluminates crystallization, can be observed in figure 3.3. On the basis of 

the TGA, in order to induce the decomposition of the by-products, the doped 

powders were treated at 600 °C / 1 hour at the heating rate of 10 °C/min. 

 

 
 

Figure 3.3 TGA-DTA curves of the ZA8Sr8Ce11 powder after spray‐drier 10 
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The ZA8Sr8Ce11 powder was characterized from a compositional point of view. In 

figure 3.4 the XRD patterns of ZA8Sr8Ce11 pressed powder via uniaxial pressing 

sintered at 1500° C/1 hour (solid blue line), the ZA8Sr8Ce11 powder at the end of the 

doping procedure, ground and sieved < 125 µm (solid orange line) and the XRD 

pattern of CeZ10 as received, the parent powder (solid red line) are reported.  

Tetragonal and monoclinic zirconia phase-related peaks were found in the XRD 

investigations of the material. The intensity of the peaks corresponding to the Al2O3 

and SrAl12O19 phases is very low but still observable in comparison to the zirconia 

peaks because of the difference in the absorption coefficients and the low 

second/third phase volume concentration (8 vol%). 

A monoclinic volume fraction, Vm, of 76%, 34% and 2% was determined 

respectively for ZrO2 (10 mol% CeO2), ZA8Sr8Ce11   powder and ZA8Sr8Ce11 pressed 

and sintered by applying the Toraya 11 equation (as detailed in the Appendix). 
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Figure 3.4 XRD pattern of the ZA8Sr8Ce11 powder 

(Monoclinic zirconia phase JCPDS n° 74-0815, tetragonal zirconia phase JCPDS n° 82-

1398, α-Al2O3 phase JCPDS n° 10-0173, SrAl12O19 phase JCPDS n°80-1195) 

 

 
 

The composite powder was used to prepare, by conventional CIP, reference samples 

to compare with printed samples. The microstructure of the ZA8Sr8Ce11 was 

investigated with a FESEM. The samples were sintered at 1500° C/1 h. The ImageJ 

software was used to study the grains' size through the linear intercept method 

according to the ASTM E112-13. An average of 200 grains of each phase were 

analyzed and mean values 0.8±0.3 μm and 0.3±0.1 μm were found, respectively for 

zirconia and alumina in the triphasic material. The mean length of the aluminates 

calculated was 0.86 ± 0.2 with an aspect ratio of 6 ± 2. 
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As can be observed in figure 3.5, the final microstructure contains strontium 

aluminate elongated grains surrounded by zirconia and alumina equiaxed grains. 

 

 

Figure 3.5 FESEM micrograph of ZA8Sr8Ce11 powder produced via uniaxial pressing 

and sintered at 1500°C/1h 

 

 

 

In order to highlight the different phases, in previous studies 10 the STEM technique 

High-angle annular dark-field imaging (HAADF) was performed on the ZA8Sr8Ce11 

sintered samples. In figure 3.6, brighter regular‐shaped zirconia grains, the darker 

elongated strontium, and the dark rounded alumina grains can be immediately 

identified. 
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Figure 3.6 High-angle annular dark-field imager of ZA8Sr8Ce11 sintered samples 10 
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3.4 Conclusions 
 
 
In this chapter the tri-phasic ZA8Sr8Ce11 was successfully prepared. The preparation 

process of the zirconia‐based material is described. Composite powders were 

developed through a surface coating route. 

Equiaxial α-Al2O3 and elongated particles of SrAl12O19, were selected as second 

phases.  The use of elongated morphologies allows increasing the toughness by 

additional bridging/crack‐deflection mechanisms. The essential elaboration 

processes, including the dispersion of the raw powders and the thermal behaviour 

of the powder, were examined. 

As will be detailed in the following chapter, complete control over the powder's 

characteristics is necessary to customize the final microstructures of the printed 

bodies. 
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Digital Light Processing (DLP) stereolithography has been used to fabricate 

ceramic components. The slurry containing ceramic particles dispersed in a 

photocurable resin is exposed to UV light of a certain wavelength so that it solidifies 

to form a ceramic green body. To produce dense ceramic pieces, additional heat 

debinding and sintering processes are necessary. This chapter is dedicated to the 

development and characterization of slurries printable with DLP-stereolithography. 

In the first section, 4.1, the elaboration of ZA16Ce11 slurries is described. In sections 

4.2 and 4.3, the slurries, without and after the addition of the dispersant, are 

characterized from the point of view of the rheology: the influence of the solid 
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loading and of the amount of dispersant on the slurry behaviour and the 

characteristics of the printed parts is studied. In section 4.4 the printing process 

parameters, and their correlations, were studied through the Principal Components 

Analysis (PCA). In the last section, 4.5, as a further development of the work, the 

Ce11ZA8Sr8 ceramic was printed and sintered parts characterized too. 

 

 

4.1 Process to produce the photocurable ceramic 

suspension 

 
In this paragraph, the elaboration of ZA16Ce11 (powder preparation details in chapter 

2) and ZA8Sr8Ce11 (powder preparation details in chapter 3) polymer-ceramic 

slurries is described. As previously discussed, the bi- and tri-phasic powders are 

elaborated through two different procedures. Once the powders are obtained, the 

slurries are then developed by following the same preparation method. Since the 

triphasic powder is developed through a long and quite complex preparation 

procedure, the preliminary study was carried out on the biphasic material. 

The commercial resin supplied by Admatec (Admatec Europe BV, The 

Netherlands) was used in combination with a commercial dispersant (Disperbyk-

103, BYK Chemie, Germany), used over the years to produce zirconia parts 1–3, 

added to improve the stability and to enhance slurries solid loading. 

For the preparation of the slurries, the ceramic powder was sieved under 125 μm 

and added to the acrylic photocurable resin. First, mechanical stirring was 

performed for 15 minutes to mix the dispersant within the resin. Then, for another 

30 minutes, while constantly mixing to prevent the formation of agglomerates, the 

powder was gradually added to this mixture. In the end, the produced slurry was 

ground in a planetary mill for three hours at 350 rpm using agate jars containing 

agate spheres (d = 10 mm) (Fritsch Pulverisette, Fritsch GmbH, Germany). The 

slurry was then de-aired under vacuum for an hour. The flow chart of the process is 
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reported in Figure 4.1. As previously explained in chapter 1, the slurry, for an 

evenly distribution on the tape, should be less viscous than 3000 mPa.s at the 

operative shear rate (5000 mPa.s according to other researchers 4) and have high 

solid loading which commonly increases the viscosity. In our system, the operative 

shear rate, which corresponds to the shear rate applied by the doctor blade during 

the spreading of the slurry, was equal to 160 s-1. A dispersant should be employed 

to manage particle–particle interactions and maintain a low viscosity if the solid 

loading of the ceramic powder is more than 35 vol%, to stabilize and prevent 

sedimentation of the slurry. The paste must have a shear thinning behaviour to 

prevent its spontaneous flow and to achieve a uniform layer under the action of the 

doctor blade 5–7. As a preliminary study, dispersant-free slurries were prepared at 

50.0 to 62.5 wt% solid loadings. A second set of slurries was prepared with the 

addition of 1.0–4.0 wt% dispersant (respect to the dry powder) that allowed to 

achieve solid loadings in the range of 65 to 80 wt%. Finally, the slurries were 

printed, and the as‐obtained samples were submitted to the debinding and sintering 

treatments. Bars suitable for mechanical characterization were then produced. More 

details about the operative conditions of the most important steps are supplied in 

the following. 

 
Fig 4.1 Flow chart of the slurry preparation process to develop ZA16Ce11 and ZA8Sr8Ce11 

printable slurries 
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4.1.1 The acrylic resin 
 

A commercially available photocurable resin (Admatec Europe BV, The 

Netherlands) constituted by a photoinitiator, diphenyl (2,4,6,trimethylbenzoyl) 

phosphine oxide, and acrylates was chosen as the organic binder to connect ceramic 

particles. 

The resin used is a mixture of one or more acrylate-based oligomers and monomers, 

and a photoinitiator that can form radicals to initiate the photopolymerization 

reaction of acrylates at a radiation wavelength of 405 nm 8.  Detailed information 

about the formulation of the resin has not been revealed to the public yet but, since 

the manufacturer suggested the water debinding of the printed parts, it was assumed 

the presence of a water-soluble polymer inside the resin that, according to the 

following TGA-DTA analysis, might be identified with a certain confidence as 

PEG. The PEG's dissolution is a gradual process in two stages. Firstly, water 

molecules slowly diffuse into the binder producing a swollen gel. Afterward, the 

gel slowly disintegrates into a solution if the room temperature is above the melting 

point of PEG. The melting point varies with the density of the polymer, from 5.8 

°C for the PEG400 to 62.1 °C for the PEG 6000 9 10.  

The addition of ceramic powders reduces the resin flowability and resolution during 

printing owing to light scattering. The 2D layers of a resin are exposed to UV 

irradiation and solidify on top of each other to create a 3D object. UV irradiation 

supplies the energy needed to induce the photopolymerization process, and creates 

a strongly cross-linked polymer 11. 
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4.1.2 Characterization of the acrylic resin 
 

In order to study the thermal decomposition of solely the acrylic resin (no ceramic 

powder charge), few drops of the resin were exposed to the UV light and 

polymerized. One part was submitted to the water debinding step while the other 

directly underwent the TG‐DTA analyses up to 1050 °C (heating rate 10 °C/min, 

static air) as shown in Figure 4.2. 

 
Figure 4.2 TGA curves and its derivative of the polymerized acrylic resin without water 

debinding and after water debinding 

 

In figure 4.2, the thermogravimetric curves (TG and DTG) show a single mass loss 

stage for both resins (with/without water debinding) related to acrylic group 

degradation 12. The complete polymer degradation was recorded at temperatures 

above 505 °C. The weight of the resin after water debinding started decreasing at 
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221 °C. Instead, for the polymerized resin, the weight loss started at 300 °C. For 

the resin after water debinding the decomposition rate was higher between 221 °C 

and 470 °C, with a maximum peak at 419 °C. For the polymerized resin the 

decomposition rate was higher between 300 °C and 490 °C, with a maximum peak 

at 432 °C. The shift of the decomposition starting temperature of the two resins 

could be attributed to the presence of the water-soluble components (in the resin 

without water debinding) that in the polymerized resin are still present and lead to 

an advance of ~ 80 °C of the decomposition temperature. 

According to the TGA-DTG curves, the decomposition of organic matter was 

vigorous, at this stage the printed parts are highly exposed to the formation of 

defects attributable to the gas released during the burnout of the binder, as well as 

excessive thermal stress. If the thermal removal process of porogens and binders is 

not slow enough the outgassing pressure will cause the bursting or cracking of the 

parts. The corresponding solid residue can be attributed to ash and inorganic 

additives 12.  
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Figure 4.3 TGA and DTA curves of the polymerized resin without water debiding and 

after water debinding 

 

As shown in figure 4.3, the DTA curve of the resin without water debinding shows 

one exothermic peak at 230 °C, at this temperature the unpolymerized resin starts 

to decompose. There are also three other endothermic peaks at 356 °C, 450, and 526 

°C. The resin after water debinding shows two endothermic peaks at 379 °C and 

454 °C. The measurements were done with a heating rate of 10 °C/ min under static 

air. 

Consequently, in order to decompose the organic matter avoiding the generation of 

critical internal stresses, the failure and cracking of the green structure, a controlled 

and slow thermal debinding must be performed before sintering the ceramic 

skeleton. 
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In figure 4.4 ATR (attenuated total reflection) Fourier transformed-infrared (FT-

IR) spectra were recorded between 4000 and 525 cm-1 with a resolution of 4 cm-1 

and 32 scans per sample using a Thermo Scientific Nicolet iS50 FTIR Spectrometer 

(Milano, Italy) coupled with the ATR accessory (Smart iTX). 

Only in the liquid resin spectrum, the broad band at 3486 cm−1 corresponds to the 

hydroxyl stretching vibration. The bands at 2962-2964 cm-1 are probably due O-

CH3 and C-H stretching and their intensity decreases from liquid resin to the cured 

ones. Strong bands at about 2871 cm−1, due to the CH2 stretching vibrations, 

respectively, are visible in all spectra. The bands at about 1730 cm−1 correspond to 

the C=O stretching of the ester group, and the bands at 1635 cm−1 to the C=C of the 

acrylate group. These bands have a decreasing intensity moving from liquid resin 

to the cured one before and after the water debinding treatment. The bands at 1273-

1257 cm-1 belong to the -C-O-C- stretching mode of the ether group and its intensity 

increased after curing. The bands at 1186 and 1104 cm−1 correspond to the C–O 

group. All these bands are characteristic of acrylate groups. In the cured resin 

spectrum and in the cured resin after water debonding the band at 1635 cm−1, 

corresponding to the C=C double bond of the acrylate group, showed also a 

reduction of the intensity, due to the reticulation process 12. 
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Fig. 4.4 ATR-FTIR spectra of the liquid resin (red spectrum), the cured resin (green 

spectrum), and the cured resin after water debinding (blue spectrum) 

 

 

 

4.2 Preliminary set-up of the slurries 
 

The optimization of the solid loading is a crucial point of the stereolithographic 

process. High viscosity and poor flowability lead to the formation of agglomerates 

and bubbles that evolve, during the sintering, into severe defects as pores and 

intralayer delamination thus acting as crack-initiating agents, lowering the flexural 

strength 13. 
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This preliminary experimental trial was carried out to analyse the potentialities of 

slurries to be printable and to understand how the dispersant (explained in deep in 

the next section) can affect the slurry's behaviour.  

Dispersant-free slurries, composed only by sieved and dried ceramic powder and 

by the commercial acrylic resin, were prepared in a range of solid loadings from 

50.0 wt% to 62.5 wt%. The rheological behaviour of the slurries can be observed 

in figure 4.5. As shown in the graph, as the solid loading increases the shear 

viscosity also increases, attributable to an ever-greater fraction of ceramic particles 

that causes higher friction. 

All the investigated slurries presented a shear-thinning behaviour, with a decrease 

of the viscosity as the shear rate increases due to the alignment of the structural 

units in the flow direction under an applied stress improving the system’s flow 14. 

At the operative shear rate of 160 s-1 a shear viscosity of 0.6, 0.7, 1.3 and 2.2 Pa⋅s, 

was recorded for the slurries at 50, 55, 60 and 62.5 wt% solid loadings, respectively. 

 

 
 

Figure 4.5 Rheological measurements of ZA16Ce11 slurries from 50 to 62.5 wt% of solid 

loading 
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The curing depth behaviour of the photosensitive slurries under different exposure 

times and a fixed exposure intensity of 31.96 mW/cm2 was measured using a caliper 

(figure 4.6). 

The increase of the solid loading led to a decrease of the curing depth for a fixed 

period of exposure time. Furthermore, a reasonable increase of the curing depth 

with a longer exposure duration can be observed even if this happens at an 

increasingly lower rate with the increase of solid loading. There are two potential 

causes for the reduced UV penetration with higher solid loadings. The higher 

amounts of ceramic particles generate a higher light scattering, due to a refractive 

index mismatch between the acrylic resin and the ceramic fraction 15,16.  

The curing depth is also affected by the presence of ceria since the zirconia is doped 

with ceria, because it is a strong UV-absorbing material. Powders doped with 11 

mol% of ceria strongly absorb in UV-C (100–280 nm) and UV-B (280–315 nm) 

light regions. The absorption of particles decreases in the UV-A (315–400 nm) 

region 15. 
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Figure 4.6 Curing depths of the slurries at 50.0–62.5 wt% solid loading as a function of 

the exposure time. 

 

In order to obtain a high accuracy of the printed parts, a compromise between 

parameters such as exposure time, exposure power and solid loading must be found. 

Too much long-time exposure or a too high led power may cause over exposure 

and, as a consequence, overgrowth and poor sample precision.  

The light scattering effect and overgrowth were described by Gerald 17; in figure 

4.7 the dark yellow square represents the exposed region, whilst the light-yellow 

area shows the unwanted exposed zone due to the scattering. Such overgrowth can 

be minimized or eliminated by adjusting the exposure strategy. 

 

 
Figure 4.7 Illustration of the overexposure effect in a cured sample due to the UV light 

scattering, after Gerald 17 

 

 

In Fig. 4.8, the printed patterns results of the overgrowth study are depicted. As 

expected, the overgrowth decreases markedly with decreasing exposure dose since 

there is less energy to induce scattering. This led to a significant increase in printing 

precision 18. In figure 4.8 A and C, the overgrowth produces the polymerization of 

the slurry out of the original square provoking inaccurate edges. In contrast, in 

figure 4.8 B and D, the optimal printing parameters, such as exposure time and led 
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power, led to the polymerization only of the wanted shape with net and regular 

edges. 

 

   

              

   Figure 4.8 Single layers printed with decreasing exposure times 

 

Low solid loading slurries are favourable due to the low viscosity and the contained 

scattering phenomenon, while a high solid loading allows to reach higher green 

densities, to reduce the shrinkage during drying and the thermal debinding step and 

allows to obtain a higher fired density of the sintered parts. The printed parts from 

50.0 wt% to 62.5 wt% were sintered in air atmosphere at 1500 °C and 1550 °C 

(figure 4.9). The increment of the sintering temperature from 1500 °C to 1550 °C 

allows the increase of the fired density of 2–3%. The same trend can be observed 

A B 

C D 
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at both sintering temperatures, a progressive increase of the density up to 60 wt%, 

followed by a drop at 62.5 wt%. Maximum density values for the 60 wt% slurry 

were 95.1 ± 1.1 % and 97.6 ± 0.9% at 1500 ◦C/ 1 h and 1550 ◦C/1 h, respectively. 

The density was calculated by the buoyancy method (Archimedes’ density) and all 

the values are related to the material’s theoretical density. 

 

 
Fig. 4.9 Fired density of the sintered parts at different solid loadings 

 

 

FESEM micrographs of the 60 wt% solid loading, sintered at 1500 °C/1 h (a) and 

1550 °C (b), are shown in figure 4.10. At 1500 °C, at lower magnification (figure 

4.10 A) several flaws are present, probably due to the not optimal flowability of the 

slurry, to the resin burn-out, and to the insufficient necking between ceramic 

particles 13. 

With the increasing of sintering temperature up to 1550 °C/1 h (figure 4.10 C), the 

density also increases. Concerning the microstructures, they were very 

homogeneous for both temperatures, and at higher magnification, an even 
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distribution of alumina and zirconia grains can be appreciated. Due to the printing 

flaws and the not complete densification, the recipes were further optimized by the 

addition of the commercial dispersant (Disperbyk-103), which permitted a 

substantial increase of the solid loading, as described in chapter 4.4 

 

  

  
Figure 4.10 FESEM micrographs of the sample at 60 wt% of solid loading sintered at 

1500 °C (a-b) and 1550 °C (c-d) 

 

 

 

 

A B 

C D 
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4.3 Optimization of the slurry by the addition of the 

dispersant 
 

The dispersant has a great influence on the rheological behaviour of the slurry.  

Low solid loading slurries show ideal flowability and printability, characteristics 

that tend to decrease as the solid load increases. Consequently, the bubbles in 

suspension cannot escape easily from suspension with a high solid loading and lead 

to the formation of pores. For this reason, it is extremely important to increase the 

solid loading by keeping favourable fluidity and printability; this can be realized by 

the addition of a dispersant. Generally, the dispersant has a hydrophilic polar group 

that can interact with the surface of the ceramic particle and a hydrophobic end 

chain to provide steric stabilization in the nonpolar media 19. 

The UV-curable slurry was prepared by mixing the acrylic monomers and the 

dispersant first, followed by incremental addition of the ceramic powder into the 

organic media until the desired solid loading level was reached. 

In order to select the more suited dispersant, three commercial products presenting 

good miscibility with the photosensitive resin were tested: Disperbyk-103, 

Disperbyk-111, and Disperbyk-180. In table 4.1, the main features of the three 

dispersants are reported.  

 

 

Dispersant Chemical Description Density (g/cm3) 

Disperbyk-103  solution of a copolymer with filler 

affinic groups 

1.06 (20 °C) 

Disperbyk-111 copolymer with acidic groups 1.16 (20 °C) 

Disperbyk-180 alkylolammonium salt of a 

copolymer with acidic groups 

1.075 (20 °C) 

 
Table 4.1 Data of the selected dispersants 
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To study the dispersion behaviour of the ceramic particles in highly loaded slurries, 

zeta potential measurements are generally utilized. However, the zeta potential 

value of zirconia powder in photocurable resin is generally low, which makes it 

difficult to evaluate the dispersion effect of low polar resin-based suspensions 20. 

For this reason, the effect of the dispersant was studied from the rheological point 

of view. A rotational rheometer (Kinexus Pro+, Netzsch Gerӓtebau GmbH, Selb, 

Germany) equipped with stainless steel parallel plates (20 mm diameter) with a 1 

mm gap between plates by applying shear rates of 0.1–1000 s-1 at 25 ◦C was used. 

All dispersants were added to suspensions at the concentration of 73 wt% (with 

respect to powder mass). Not all the dispersants can successfully decrease the 

viscosity because of different anchoring headgroups and carbon chain lengths 19.  

As can be observed in Figure 4.11, Disperbyk‐103 is the most effective in reducing 

viscosity. The slurry with Disperbyk-180 and Disperbyk-111 exhibit a lower 

dispersibility, thus they were eliminated among the candidates also for this reason. 

It is probably related to the anchoring functional groups of the dispersant that 

efficiently bond to the surface of the ceramic particles and to their end chains which 

shows affinity to low‐polar media. All the slurries, tested from 0.1 to 1000 s−1 of 

shear rate, showed the typical shear‐thinning behaviour, necessary in the 

stereolithography process because it allows the efficient spread of slurry and thus a 

homogeneous green microstructure can be obtained. 
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Figure 4.11 Shear viscosity versus shear rate on a log-log scale for the 73 wt% slurries 

with different dispersants (2.5 wt% with regard to the mass of the powder) 

 

 

4.3.1 Optimization of the dispersant concentration 
 

Once assessed that Disperbyk-103 was the most suitable dispersant for the slurries' 

preparation, it was possible to increase the solid loading from 62.5 wt% (maximum 

obtainable with only powder and resin) up to 80 wt%. Precisely, the solid loadings 

65, 68, 70, 73, 78 and 80 wt% were investigated. The quantity of dispersant was 

optimized for each slurry on the base of rheological studies. The amount of 

dispersant was added in the range of 1.0 - 4.0 wt% with respect to the weight of the 

dry powder. 

 Disperbyk 103

 Disperbyk 111

 Disperbyk 180

0.1 1 10 100 1000
0.01

0.1

1

10

100

1000

10000

Sh
ea

r v
is

co
si

ty
 (P

a 
s)

Shear rate (s-1)



120 

 

As it can be noticed in figure 4.13, for the 73 and 78 wt% formulations, when the 

amount of dispersant increased, the viscosity of the slurry progressively decreased 

until a minimum and then the viscosity rose again. 

If the dispersant concentration is too low, the beneficial effect to the powder is too 

weak to counterbalance the van der Waals attractive forces and to avoid the 

collision of particles due to Brownian motion, as a result an unstable slurry is 

obtained 21. On the contrary, when the optimum dose exceeds, a free fraction of 

dispersant, that cannot anchor to the ceramic particles surfaces, is available and 

starts to form tangles between the particles, known as bridging flocculation, causing 

an unwanted increase of the viscosity 19,22. Figure 4.13 displays the rheological 

behaviours of the slurries at the highest solid loading (73-80 wt%), where the 

phenomena are more evident, with different concentrations of dispersant. As can be 

seen, all the slurries showed a shear-thinning behaviour, as already observed for the 

slurries without the dispersant (section 4.3). For each formulation, the fraction of 

Disperbyk-103 that led to the lowest viscosity, corresponding to the ideal condition 

of dispersion below Griffith's 6 recommended upper limit of 3000 mPa·s at the 

working shear rate of the 3D printer, 160 s-1 for the Admaflex 130, was determined 

(table 4.2). 

As can be seen in the table the amount of dispersant necessary to obtain the suitable 

flowability of the slurry was 3.5% for the 73 wt% and 2.5% for the 78 wt%. This is 

a rather unexpected outcome and somewhat counterintuitive.  The main difference 

between these two formulations was the change in the resin's lot. The supplier has 

stated that he has provided the same resin but actually, in the changement from a 

lot to a new another, a slight difference in the viscosity results was registered. A 

TGA analysis was performed on the two polymerized resins, but no significant 

differences were obtained. Another parameter that may have affected could be the 

humidity or the temperature of the laboratory. 
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Figure 4.12: Shear viscosity variation as a function of the quantity of dispersant for the 73 

to 80 wt% slurries. Light and medium grey areas indicate the limit of printability of 3 6 

and 5 Pa·s 4 according to the literature, while the dark grey area denotes the non-

printability range due to a too low curing depth 

 

 

Solid loading (wt%) Solid loading (vol%) Dispersant (wt%) 

65 28.5 1.0 

68 28.9 1.0 

70 30.1 1.0 

73 33.4 3.5 

78 39.6 2.5 

80 45.5 4.0 

 
Table 4.2 Composition of the slurries with the lowest viscosity at 160 s-1 
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4.3.2 Relation between solid loading and curing depth 
 

The cure depth of slurries from 68 wt% to 80 wt% were measured at a fixed energy 

dose of 31.96 mW/cm2 to determine the curing depth dependence on ceramic volume 

fraction. The polymerization is affected by the kinetics of the monomer 

polymerization and by the UV scattering due to the refraction index difference 

between the ceramic particles and the monomer 23. 

In figure 4.13 the curing depth behaviour of the slurries added with Disperbyk-103 

in function of the exposure time is depicted.  

It can be seen that, as previously observed in the slurries without dispersant in figure 

4.6, the curing depth increases as the exposure time increases and decreases as the 

solid loading increases. Because of the difference in refractive indices between the 

resin and the ceramic particles, the higher solid load causes more light scattering 

and less UV penetration. In addition, it is necessary to take into account also the 

slurries' considerable UV-absorbance due to the 11 mol% ceria content 15. 

The presence of ceria in the Ce11ZA16 composite doesn't allow the achievement of 

thick single layers. However, with the increase of the exposure time and the led 

power, it is possible to slightly increase the thickness, but to the detriment of the 

resolution. Furthermore, in order to avoid delamination, an important issue of the 

stereolithographic technique, the UV light must penetrate the exposed layer and 

reach the layer above to permit the sealing and bonding between the layers. For this 

reason, the penetration capability of the UV must be 1.5 times deeper than the set 

thickness of each layer as recommended by the Admatec specialized technicians. 

As can be observed in figure 4.13, the red lines indicate the suitable thickness of 

the layer that might be set based on the UV penetration capability. For example, 

with a UV penetration ability of 37.5 µm, a single layer thickness of 25 µm could 

be set, thicker sizes must be avoided because they would lead to the formation of 

defects that would jeopardise the integrity of the sintered parts. The formulation 80 

wt%+4% Disperbyk-103, due to the high solid loading, makes the deep 
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photopolymerization above 30 µm difficult, thus it was not printed and was 

considered as the upper limit (see Fig. 4.12). For the formulations at lower solid 

loadings (from 68 wt% to 78 wt%), even if the curing depth and resolution were at 

acceptable values, the slurries were evaluated also with respect to the density and 

the microstructure.  

 
  Figure 4.13 Curing depths (at 31.96 mW/cm2) at increasing exposure time for the 68.0 - 

80.0 wt% slurries 

 

 

As shown in figure 4.14 (A) the density of the green parts increases as the solid 

loading increases. After sintering, in figure 4.14 (B) the Archimedes’ density 

(%TD), measured by the buoyancy method, raises significantly from 65 to 70 wt%. 

From 70 wt% to 78 wt% the density continues to increase until almost complete 

densification.  

The sintering was performed at 1500 °C and 1550 °C for 1 h.   
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The density of the samples printed with the slurries at 65 wt% and 70 wt% showed 

a noticeable increase when the sintering temperature increased from 1500 °C to 

1550 °C. On the contrary, the density of the samples made with the 73–78 wt% 

slurries raised of only 1–2%. The highest densification was achieved with the slurry 

with a solid loading of 78 wt%, with values of 98.3% and 99.4% after firing at 1500 

°C/1 h and 1550 °C/1 h, respectively. For some samples the standar deviation  is 

not negligable, this is a criticity of the work, the printing job must be further refined 

in order  to reduce this gap 
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Figure 4.14 Green density (A) and sintered density (B) of the 65 wt% - 80 wt% slurries. 

1500 ◦C/1 h (black) and 1550 ◦C/1 h (purple). 

 

 

As already indicated by the density values, the FESEM micrographs polished and 

thermally etched surfaces exhibit a homogeneous microstructure, free of printing 

flaws with an excellent distribution of the two phases, zirconia and alumina. In 

figure 4.15, the microstructures of the printed samples from the slurries at 70, 73, 

and 78 wt%, namely those representing the samples with the higher final densities 

after sintering at 1500 °C/1 h are shown. Therefore, the addition of the dispersant 

Disperbyk-103 in the slurries' formulation gave excellent results for the 

enhancement of the microstructure with an evident decrease of the flaws. Some 

pores are still present due to bubbles entrapped in the slurry that cannot be totally 

removed. Inevitable pores in the inner area of the sample are more difficult to 

eliminate than those along the edges 13. 
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Figure 4.15 FESEM micrographs of printed samples of the slurries at 70 wt%+1% 

Disperbyk-103 (a–c), 73 wt%+3.5 Disperbyk-103 (d–e) and 78 wt%+2.5 Disperbyk-103 

(g–h) sintered at 1500 ◦C/1 h. 

 

 
After the addition of the dispersant and the optimization of the solid loading the 

microstructures are satisfying, the phenomenon of delamination was less serious 

but still present. 

The delamination occurs due to the stress between the new cured layer and the 

portion of the sample already printed, preventing a strong bonding and the fusion 

between the new layer and the former one. The cause of the delamination is not 
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only one but is due to a combination of contributing factors. In the next chapter will 

be explained how the delamination was further reduced and maintained under 

control during the post-printing treatments. 

 

 
 

4.4 Statistical analysis through Principal Component 

Analysis (PCA) 
 
Principal Component Analysis 24,25 is a multivariate tool for exploratory data 

analysis. It is a decomposition technique that projects the data from the starting 

high-dimensional domain to a lower dimensionality one, which is represented by a 

set of new variables, called Principal Components (PCs). 

The PCs are a linear combination of the initial variables and describe the largest 

sources of variability in terms of captured variance. The components of PCA are 

nested, which means that, given the first PC characterizing the direction of 

maximum variance in the data, each following component will have the highest 

possible variance, under the limitation of orthogonality in relation with all the 

previous components. 

Each principal component is constituted by two vectors, one of the scores indicated 

with t and a second of the loadings indicated with p. Equation 4.1 represents the 

PCA decomposition equation, where X indicates the original data modelled 

utilizing F PCs, thus the X̂ matrix refers to the modelled part of the original data, 

while the E matrix depicts to the unmodeled part, also called the “residuals”. 

 

𝐗 = ΣF
f=1 𝐭𝑓 ⋅ 𝐩T

𝑓 + 𝐄 = 𝐓𝐏T + 𝐄 = X̂ + 𝐄 
 

Given that set of PCs corresponds to the axes of the low-dimensional space the data 

are projected onto, the values of the score vector tf represent the samples’ 
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coordinates on the fth PC or axis, and the loadings values of vector pf indicate the 

contribution of the original variables to that PC. A graphical representation of the 

PCA model is shown in Figure 4.16. The model highlights how the product TPT 

constitutes the modelled part of the original data, in contrast to E, the residual 

matrix 26. 

 

 
 

Figure 4.16 Representation of the PCA model. 
 

In an ideal PCA model X̂, the modelled part includes all the structured variability, 

and the uninformative variability of the starting data is left in E, the residuals 

matrix. The information content of the X input matrix as modelled by PCA can be 

inspected by looking at the scores, loadings and residuals plots. The score plots are 

2D or 3D representations of the modelled data and are obtained by plotting one 

score vector t against another (i.e., two different components plotted against each 

other).  

The loadings plots provide information about the relations among the original 

variables, whose values on the different PCs (the values contained in the loading 

vectors p) also describe how the original variables influence each PC. For the same 

pair of inspected PCs, directions on the scores and loadings plots are coincident  

(i.e., they describe the same multivariate space). 

According to Jaadi 27, “the loading plot represents the directions of the data that 

indicate the maximal degree of variance. The lines' direction and length represent 

the variance and the information' relationship. The larger the variance of a line, the 

larger the dispersion of the data points along it; and the larger the dispersion along 
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a line, the more information it has. Therefore, PCs can be interpreted as new axes 

that provide the best angle from which to view and evaluate the data, so that the 

differences between the observations are more visible.”  

The fact that the original variables are combined into few new “summary” ones 

makes PCA also a good “compression” or features extraction method, which is 

extensively used for handling large datasets and reducing the computational time 

needed for modelling. 

PCA was performed using the PLS_Toolbox (version 8.6, Eigenvector Research 

Inc. WA, USA) under MATLAB (2022b, Mathworks, MA, USA) environment. 

  

 

4.4.1 Application of PCA to the stereolithography process 
 

Principal Component Analysis (PCA) is an exploratory data analysis method useful 

for extracting relevant information from a sample of vectors in order to ascertain 

which are the fundamental values with the greatest influence on the printing process 
28,29. PCA is often used to effectively remove redundancy and reduce the 

dimensionality of a huge set of data by compressing its size while retaining the 

majority of the information and enabling a speedy evaluation of any correlations 

between variables 29. In this work PCA was applied to identify the major sources of 

variability in the datasets, to better understand how the variables of the printing 

process (since the dispersion of the raw ceramic powders until the mechanical 

testing of the sintered parts) affect one another, and to identify the most promising 

slurry formulation. It is not easy to accurately explain how the printing parameters 

affect each other. There are many influencing factors that sometimes lead to 

contradictory conclusions. PCA helps to overcome these issues and to better 

understand the 3D printing stereolithographic process 30. 
Before performing PCA, the original datasets were standardised, and their 

suitability for PCA was determined. PCA was performed on a dataset related to 
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different job printings. The acquired data consist of seven variables that could be 

divided in two groups: input parameters (the set conditions) and the output 

properties that means the response of the material to that specific condition. The 

input parameters are: the solid loading (SL), the dispersant concentration (DC), the 

led power (LP), the exposure time to the UV light (ET) and the layer thickness (LT). 

The output properties are the bending strength (BS) and the theoretical density 

(TD%). The basic rationale in PCA is that the informative rank of the data is 

compressed in comparison to the original variables yielding statistical benefits or 

rather, the number of principal components is equivalent to the original variables 

while the number of significant PCs might be lower, depending on the correlations 

between the original variables 29. The general visualization is aided by the presence 

of much fewer variables than the starting data and by the minimization of the noise 

as the original variables are replaced with weighted averages 24. In accordance with 

the literature 31, the eigenvalues should be higher than 1 and the cumulative variance 

(%) should be more than 80%. 

In figure 4.17, the bar plot of the variance explained by the PC is depicted. This 

graph is useful to estimate the number of components by looking at the point where 

a plateau is reached after which the model would be overfitted (noise contribution).  
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Figure 4.17 Cumulative variance bar plot 

 

The characteristic values of the PC1, PC2, and PC3 are higher, that is, contribute 

the most to the explanatory variables. Therefore, the extraction of the first three PC 

is the most suitable and the cumulative variance contribution rate is 87.94%.  

The model was designed with three principal components (PCs) also to minimize 

the root mean square error of cross-validation (RMSECV). The other PCs would 

not be expected to have significant leverage if kept in the model and were 

unconsidered (figure 4.18) 32. 
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Figure 4.18 Root mean square error of cross-validation (RMSECV) vs principal components 

 

 

In figure 4.19A the variables of the printing process are plotted as a function of the 

PC1 loadings. Next to it, the PC1 scores graph was inserted. In the PC1 scores each 

label corresponds to one printing job in which, by the way, the seven printing 

process variables vary. Their comparison helps to better understand which printings 

show similar characteristics, and which ones are more influenced by one parameter. 

For example, the print 73 wt % + 3.5% Disperbyk-103, according to the bar plots 

of the loadings, presents a high dispersant concentration, a high exposure time and 

thickness of the layer. In contrast, this formulation shows a low theoretical density. 

By checking the data, this information is correct but, with the help of the PCA, the 

interpretation happens in a more immediate mode. 

As depicted in figure 4.19 (A) three indexes such as theoretical density (TD%), 

exposure time (ET), and dispersant concentration (DC) have large load factors in 

the PC1. The other three indexes are relatively weak. Three indexes such as solid 

loading (SL), led power (LP), and thickness of the layer (TH) have large load factors 

in the PC2 (B). In PC3 the bending strength (BS) shows the highest load factor (C).    
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Figure 4.19 PC1 (A), PC2 (B), and PC3 (C) loadings plotted, as a function of the printing 

process parameters variables, compared to the corresponding score plots 

 

 

All information explored one PC at a time in figure 4.19 can also be inspected in a 

more global manner, by plotting one PC against another, for both the loadings and 

scores. The pairs of loadings and scores plots of figures 4.20-22 can be therefore 

obtained and interpreted. In figure 4.20, for instance, PC1 vs PC2 loadings plots are 

depicted on the left. Based on the position of each parameter on the graph, the 

reciprocal interaction can be understood also from a statistical point of view. The 

angles between the vectors tell us how the characteristics correlate with one another. 

When two vectors are close, forming a small angle, the two variables they represent 

are positively correlated. If they meet each other at 90°, they are uncorrelated. When 

they diverge and form a large angle (close to 180°), they are negatively correlated, 

at least for the information described by the two PCs under examination (i.e., the 

axes of the plot). Thus, the mechanical properties, such as the bending strength are 

positively correlated with the theoretical density (TD%), as well known, a fully 

densified material will present less defects and porosity which negatively affect the 

mechanical behavior exponentially. Also, the led power and the solid load affect 

each other positively. The increased amount of ceramic particles in the 

photocurable slurry reduces the resolution owing to light scattering thus, an increase 

of the led power is necessary for obtaining a well-polymerized single layer 11. 

The dispersant concentration is positively correlated with the layer thickness. If 

from one side the dispersant, Disperbyk-103 in our case, strongly contributes to 

increase the dispersion of ceramic particles in the resin, on the other side it also 

affects the cure-width behavior and integrity of the green parts, as explained in deep 

in chapter 1. If the dispersant concentration increases, probably a higher layer 

thickness could be set because the dispersant decreases the viscosity, making light 

penetration easier because of homogeneous particle distribution 3,33. 
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According to PCA the exposure time, which means how long (in seconds) each 

layer is exposed to the UV light, is negatively correlated with the bending strength 

and the theoretical density. To improve the bending strength of the final parts and 

to enhance the theoretical density (TD%), it is reasonable to setup a lower exposure 

time. This result can be easily connected with the issue of the over curing effect. 

The properties of the printed samples strongly depend on the exposure mode, an 

increase in curing depth does not ensure better mechanical properties but each layer 

must be exposed for a sufficient time to ensure a strong adhesion between the layers 

and, at the same time, the polymerization shrinkage stress should be decreased 

(figure 4.20)34.  

 

 

 

 

 

 

 

 

 

 
 

Figure 4.20 PC1 vs PC2 loadings and scores plots 

 

In the PC1-PC3 loading it is interesting to notice that the solid loading is positively 

correlated with the bending strength. As well-known from the literature, the solid 

loading of the ceramic suspension shows obvious influences on the viscosity of the 

slurries, as well as the density and strength of the final printed parts. Ceramic 

suspensions with a high solid loading are required to reduce the shrinkage, avoid 

the cracks and increase the strength of the green and final printed body 35 (Figure 

4.21). 

Led power (%) 

Solid load (wt%) 

Bending strength (MPa) 

TD% 

Exposure time (s) 

Thickness (µm) 



136 

 

 
Figure 4.21 PC1 vs PC3 loadings and scores plots 

 

 

In figure 4.22, The PC2-PC3 loadings are plotted. The most noticeable correlations 

between the printing process parameters are the positive correlation between the led 

power and the thickness of the layer. In this work, it was chosen to work from a 

minimum light output of 26.23 mW/cm2 to a maximum light output of 31.96 

mW/cm2. Furthermore, the bending strength seems not to be linked with the led 

power. All the information obtained from the PCA analysis is in agreement with 

the literature, suggesting that the correlations are robust. 
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Figure 4.22 PC2 vs PC3 loadings and scores plots 

 

 

 

In table 4.3 the correlations of the different printing parameters obtained by the 

PCA analysis are depicted. A positive correlation is referred when a parameter 

increased the correlated one also increases or of negative correlation when the 

behaviours of the two parameters is opposite, as one increases the other decreases. 

The two parameters are not correlated if one no affect in no way the other. 
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Parameters TD% Solid 
load (%) 

Layer 
thickness 

(µm) 

Bending 
strength 

(MPa) 

Exposure 
time (s) 

Led power 
(%) 

Dispersant 
concentrat

ion (%) 
TD%  Positively 

correlated 
Not 

correlated 
Positively 
correlated 

Negatively 
correlated 

Negatively 
correlated 

Not 
correlated 

Solid load (%) Positively 
correlated 

 Not 
correlated 

Positively 
correlated 

Not 
correlated 

Positively 
correlated 

Positively 
correlated 

Layer thickness 
(µm) 

Not 
correlated 

Not 
correlated 

 Not 
correlated 

Not 
correlated 

Positively 
correlated 

Positively 
correlated 

Bending strength 
(MPa) 

Positively 
correlated 

Positively 
correlated 

Not 
correlated 

 Negatively 
correlated 

Not 
correlated 

Not 
correlated 

Exposure time 
(s) 

Negatively 
correlated 

Not 
correlated 

Not 
correlated 

Negatively 
correlated 

 Negatively 
correlated 

Not 
correlated 

Led power (%) Not 
correlated 

Positively 
correlated 

Positively 
correlated 

Not 
correlated 

Negatively 
correlated 

 Not 
correlated 

Dispersant 
concentration 

(%) 

Not 
correlated 

Positively 
correlated 

Positively 
correlated 

Not 
correlated 

Not 
correlated 

Not 
correlated 

 

 
Table 4.3 Resume of the correlations of the different printing parameters obtained by the 

PCA analysis 

 

 

The robustness of the model was confirmed also by Hotelling's T2 versus the Q 

residuals plot (figure 4.23). It is a statistical summary that explains how well a 

model is built. All samples fall inside both limits defined by Q and T2 values, but, 

if one had stayed out of the plot it could have been considered for further 

investigations and possibly to be removed from the dataset 36. This plot helps in 

highlighting samples with strange behaviours, which generally corresponds to 

information that is unique for such samples: if this unexpected piece of information 

can be related to experimental or measurement errors, the sample can be identified 

as an outlier, and removed from the dataset. In our case all samples resulted well -

modelled, and they also appear rather homogeneous. 
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Figure 4.23 Hotelling's T2 vs. the Q residuals (influence plot) of the PCA model 

 

 

A statistical approach based on cross-analysis of the data was performed. The scores 

plots were compared with the loading’s plots. To get the complete image of the 

information content it is necessary to see scores and loadings together, as they are 

complementary each other: the loadings tell us why there is a particular 

arrangement of samples in the scores. Due to the substantial number of graphs, and 

due to space constraints, they are not shown. Since the PCA was done on a dataset 

of printings with a slurries' solid loading ranging from 73 wt% to 78 wt%, it was 

necessary to identify which was the most favourable composition in terms of 

process parameters in order to obtain an outstanding microstructure, and a fully 

densified material with optimal mechanical performances. Each graph gives an 

indication of the process parameters and finally, a slurry with a 78 wt% of solid 

loading with 2.5% of Disperbyk-103 was selected as our best formulation regarding 

the microstructure, density and mechanical properties, as explained in chapter 5. 
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For this formulation, the most appropriate power of the led was 26.23 mW/cm2. 

This yields to a curing depth of ∼30 μm (1.5 times larger than the build layer 

thickness), sufficient to ensure the bonding between the interlayers. 

All the curing depth studies were investigated with a led power between 26.23 

mW/cm2 and 31.96 mW/cm2. According to the PCs, the debinding of the printed 

parts with distilled water was the best choice, this was confirmed by the tests carried 

out and discussed in detail in chapter 5. 

Finally, regarding the exposure time, PCs suggested a "shorter" time of exposure 

that could be interpreted as avoiding E.T. higher than 20 seconds. It is not possible 

to fix a precise value but after 20 s, for the slurry with 78 wt% + 2.5% Disperbyk-

103, the scattering occurs, as discussed formerly. 

In table 4.4 the features of the 78 wt% + 2.5 Disperbyk-103 slurry formulation are 

depicted. 

 

 

Starting materials ZA16Ce11 powder Disperbyk-103 Acrylic resin 

Main usage Filler Dispersant Medium 

Density (g/cm3) 5.87 1.06 1.10 

Mass fraction (wt%) 78 1.95 20.05 

Volume fraction 

(vol%) 

39.84 5.52 54.65 

 

Table 4.4 Features of the 78wt% + 2.5 Disperbyk-103 slurry 
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4.5 Development and printing of the ZA8Sr8Ce11 

 
Ce11ZA8Sr8 slurries were produced as further development of the PhD thesis. It was 

chosen to analyse previously the Ce11ZA16 because, as discussed in detail in chapter 

3, the production of this triphasic powder needs a long time. 

On the basis of the previously exposed accurate and deep study of the Ce11ZA16, it 

was possible to optimize the printing process. 

 

 

4.5.1 Characterization of Ce11ZA8Sr8 

 

First of all, likewise the biphasic slurries, dispersant-free slurries, composed only 

by sieved and dried ceramic powder and by Admatec acrylic resin, were prepared 

at 60.0 wt%, 62.5 wt%, and 65 wt%. The rheological behavior of the slurries can 

be observed in figure 4.24. 

As shown in the graph, as the solid loading increased, the shear viscosity also 

increases attributable to an ever-greater fraction of ceramic particles that cause 

higher friction. 

All the investigated slurries presented a shear-thinning behavior, with a decrease of 

the viscosity as the shear rate increases due to the alignment of the structural units 

in the flow direction under an applied stress, improving the system’s flow 14. At the 

operative shear rate of 160 s-1 a shear viscosity of 2.5, 3.1 and 3.9 Pa⋅s, was recorded 

for the slurries at 60, 62.5, and 65 wt% solid loadings, respectively. 

The formulations without the dispersant Disperbyk-103 showed a microstructure 

with printing and debinding flaws and inhomogeneity. The less promising 

formulation was the 60 wt% but, as the solid load increases the microstructure 

becomes more homogeneous, and the density increases. The theoretical density of 

the samples fired at 1500 °C/ 1 h was 86.5%, 87.2, and 96.7 for the 60 wt%, 62.5 

wt%, and 65 wt% slurries respectively. The theoretical density of the samples fired 
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at 1550 °C/ 1 h (FESEM micrograph not shown) was 91.5%, 88.9, and 97.1 for the 

60 wt%, 62.5 wt%, and 65 wt% slurries respectively (figure 4.25). 

 

 

Figure 4.24 Shear viscosity of the 60 wt%, 62.5 wt%, and 65 wt% slurries 
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Figure 4.25 Fired density of the sintered parts at from 60 wt% to 65 wt% of solid loadings 

without dispersant 

 

Due to the printing flaws and the not complete densification, the recipes were further 

optimized by the addition of the commercial dispersant (Disperbyk-103), which 

permitted a substantial increase of the solid loading from 65 wt% (maximum 

obtainable with only powder and resin) up to 78 wt%, precisely, at 70, 73, 75, and 78 

wt%. The quantity of dispersant was optimized for each slurry on the base of 

rheological studies. The amount of dispersant was added in the range of 2.0 - 2.5 wt% 

with respect to the weight of the dry powder. 

Figure 4.26 displays the rheological behaviours of the slurries with different 

concentrations of dispersant. As can be seen, all the slurries showed a shear-thinning 

behaviour, as already observed for the slurries without the dispersant. 
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Figure 4.26 Shear viscosity of the 70 wt % to the 78 wt % slurries 

 

After sintering, the fired Archimedes’ densities (%TD) were measured by the 

buoyancy method. 

As shown in figure 4.27 the density of the sintered parts increases as the solid loading 

also increases.  

From 70 wt% to 78 wt% the density continues to increase until almost complete 

densification. The 75 wt%+2 Disperbyk-103 showed an opposite behaviour probably 

due to the not perfectly homogeneous slurry. 

The density of all the samples showed a moderate increase from 1500 °C to 1550 °C. 

The density of the samples produced with the 70–73 wt% slurries rose of ~3 %. The 

higher densification was achieved in the samples made with the 78 wt% slurry, with 

values of 96 % and 96.6 % at 1500 ◦C/1 h and 1550 °C/1 h, respectively. In figure 4.26 

6C and 7C, is it also possible to observe that the strontium hexaluminate platelets were 

successfully developed in the Ce-TZP matrix. 
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Figure 4.25 Fired density of the sintered parts from 70 wt% to 78 et% of solid loading 
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Figure 4.26 FESEM micrographs of Ce11ZA8Sr8 at 60 wt% (1 a-c), 62.5 wt% (2 a-c) and 

65 wt% (3 a-c) without dispersant. The formulations 70 wt% +2.5 % Disperbyk-103 (4 a-

c), 73 wt%+2 % Disperbyk-103 (5 a-c), 75 wt% + 2 % Disperbyk-103 (6 a-c), and 78 

wt%+2.5 Disperbyk-103 (7 a-c) sintered at 1500 ◦C/1 h are also shown. 
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4.5 Conclusions 
 

In this chapter, the production process of printable Ce11ZA16 and Ce11ZA8Sr8 slurries 

for the development of dense materials was described. At first, the acrylic resin was 

studied in terms of thermal behaviour by means of TGA-DTA analysis. FT-IR 

analysis was performed to compare the behaviour of the resin after the curing and 

after the water debinding steps. Ce11ZA16 system was explored first. Stable 

photosensitive slurries with low viscosity were developed and with a shear-thinning 

behaviour. The addition of the dispersant (Disperbyk-103) to the formulation allows 

the increase of the solid loading maintaining favourable flowability and stability.  

Through PCA analysis, the most convincing slurry formulation suitable for the 

production of parts with favourable mechanical properties was identified. The most 

promising slurry formulation for Ce11ZA16 was 78% of solid load (optimized for a 

mean particle size of 0.3 µm) with the addition of 2.5 wt% Disperbyk-103 as 

dispersant (related to the mass of powder). The optimized slurry had a viscosity of 

2.8 Pa s at a shear rate of 160 s-1.  The maximum density was achieved by the 

samples made from a slurry with 78 wt% solid loading, providing values of 98.3% 

and 99.4% after firing at 1500 ◦C/1 h and 1550 ◦C/1 h, respectively.  

As a further development of the work, Ce11ZA8Sr8 composite was printed too. 

Further studies will be necessary to better tailor the process in order to fully 

exploit the potential of this material. The maximum density was achieved 

again in the samples printed with the slurry with 78 wt% solid loading, 

providing values of 96 % and 96.6 % after sintering at 1500 ◦C/1 h and 1550 

◦C/1 h, respectively. Despite the good flowability of the printable slurries, 

with a shear-thinning behaviour that leads, for the slurries with the higher 

solid load, to a homogeneous microstructure, printing flaws and defects such 

as delamination of the layers are still present making them not suitable for 

the mechanical tests. The assumption of this material is very positive but 

further studies are necessary. 
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In this chapter, the post-printing processing, the aim of which is a progressive 

removal of the organic matter, is described.  After the 3D printing stage described 

in detail in chapter 4, the green samples underwent a water debinding step followed 

by a thermal debinding cycle, during which the organic fraction was eliminated, 

and the remaining ceramic parts were sintered. The influence of the debinding and 

the sintering on the final properties of the printed parts are discussed. The 

microstructure and phase composition were also studied.  Great attention was 

dedicated to the mechanical characterization by means of Vickers hardness 

measurements, fracture strength, and phase transformability. 
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5.1 Post printing treatments 

 
5.1.1 Water debinding 
 

Once the samples were printed, extra and uncured slurry was gently removed with 

a paintbrush and distilled water. After that, the bars were submitted to the water 

debinding step by soaking the samples in a tank filled with distilled water 

maintained at the constant temperature of 36 °C. This is a crucial step where the 

water-soluble components of the resin are removed from the inner structure of the 

sample. In order to study the dimensional changes undergone by the specimens, 

their length was measured with a high-accuracy digital micrometer every two hours. 

In figure 5.1, the dimensional change curve is depicted in function of time. Initially, 

the samples expanded considerably as soon as they came into contact with the 

water. After the initial sharp expansion, the samples expanded slowly. A linear 

expansion of about 0.20% after 6 h debinding was reached. After this step, the 

specimen dimension remained unchanged.  

After 10 h, when the parts were removed from the water, a shrinkage was detected 

due to the temperature change from the 36 °C of the water to the ambient 

temperature, according to material thermal expansion coefficient, 1. 
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Figure 5.1 Length changes of the printed samples immersed in distilled water at 36 °C 

 

 

The dissolution of the water-soluble fraction added to the acrylic resin is a slow 

procedure. Firstly, solvent molecules slowly diffuse into the binder to produce a 

swollen gel. If the molecular interaction is large because of cross-linking, 

crystallinity, or strong hydrogen bonding, then swelling of the binder occurs 1 

(figure 5.2). 

 

 
Figure 5.2 Effect of the swelling of the binder after water debinding 
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An incorrect water debinding may lead to incomplete removal of the water-soluble 

organic matter and, as a consequence, during the next thermal debinding step, the 

formation of defects could occur due to the gases released during the burnout of the 

binders provoking excessive thermal stress of the sample. 

The absorbed water content could be defined as equilibrium water content (EWC). 

The dissolution starts when the water concentration in the soluble polymer is larger 

than the EWC of the soluble polymer. The water content decreases with the depth 

of the sample because the water diffuses from the outside to the inside through the 

porosity. New pores continue to form as water penetrates into the interior of the 

specimen gradually providing more binder-solvent interfaces. When the water 

reaches the bulk of the sample (after 5 h) the equilibrium polymer-water content is 

reached. Once the sample is removed from the bath, the insoluble binders remain 

inside; the pores formed during the dissolution of the water-soluble polymers can 

be used as escape paths for decomposition gases during the thermal debinding 

process. 

Common water-soluble binders include polyethylene glycols, polyethylene oxides, 

polyvinyl alcohols, starches, and polyacrylamide 1–4. For the sake of clarity, it 

should be specified that the type of water-soluble component present in the 

commercial Admatec resin is unknown. The penetration capability of the water 

depends on the bonding elements and their chemical interactions. Water is effective 

in removing these polymers since they contain monomers that include oxygen and 

nitrogen, which are hydrophilic. Water debinding time is related to the nature of the 

ceramic powder and the particles' dimension, the water temperature and circulation, 

and to the geometry of the green parts. Printed parts made with powders of larger 

grain size are faster and easier to debind using aqueous solvents than parts made 

with finer powder since there is more space between the particles. The water 

temperature is fundamental for the flow and mobility of polymers, the binder 

removal rate is enhanced by increasing the water bath temperature. On the other 

hand, a too fast removal may negatively affect the mechanical strength and warping 

such as bending can appear. Therefore, high bath temperatures during water 
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debinding are counterproductive 4. In figure 5.3 an example of the delamination that 

occurs after water debinding is illustrated. 

 

 

 
 

Figure 5.3 Delamination occurred after water debinding before sintering (A), and after 

sintering (B) 

 

In-depth bibliography research was done in order to find an alternative solvent, in 

place of water, compatible with the acrylic resin, the stereolithographic process, and 

the characteristics of the printed parts. Besides the water, mild organic solvents 

were tested, in particular DBE (dibasic ester), isopropanol, and ethanol. However, 

A 

B 
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DBE also caused the delamination in the early stages of the soaking of the samples 

preventing further studies (figure 5.4). 

 

 

 
 

Figure 5.4 Defects caused by the debinding with isopropanol: A) delamination, B) 

warping. Severe delamination after debinding with DBE: C) 

 

 

At this point, water debinding resulted the best option, it was preferable to organic 

solvent debinding because much safer for the health of the operator and more 

sustainable from the environmental point of view, as well as more effective for 

some binder polymers. 

Even if the delamination also occured with water debinding (figure 5.4), it was 

maintained under control and considerably reduced by optimizing the printing 

parameters such as the led power, the thickness of the layer, and the exposure time. 

The optimum of these three printing process variables was found also with the help 

of the PCA (chapter 4). Furthermore, from the study of the dimensional variation 

A B 

C 
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(figure 5.1) of the soaked samples in water, it is clear that, after an initial expansion, 

the length remains unchanged. In order to be sure that the removal of the water-

soluble polymers was complete, the samples were soaked for 24 hours. Then, if the 

adhesion between the layers is not strong enough delamination occurs with severe 

consequences on the mechanical properties of the final sample. Once the samples 

were removed from the water, they were inserted in a glass desiccator in the 

condition of constant humidity to allow the gentle evaporation of the water from 

the pores. 

Finally, the samples were oven dried at 60 °C for 6 h in order to be sure that all the 

water was removed, and the samples were completely dry. 

 

 

5.1.2 The thermal debinding 
 

Thermal debinding was performed in a high-temperature electric furnace (Carbolite 

1200, Carbolite Gero GmbH) under air atmosphere, according to the thermal cycle 

depicted in figure 5.5. 

The very slow heat treatment was tailored to the decomposition behaviour of the 

resins studied by TGA-DTA analysis (chapter 4). The dwells were fixed where an 

exothermic or endothermic peak was present, in order to prevent cracks during resin 

decomposition.  

The evaporation of degradation products can cause pressure build-up within the 

green body and create voids at its center, bloating, and cracks at its surface if 

thermal debinding is carried out hastily. 1 

The sintering behaviour of the printed bars was investigated by dilatometry analysis 

and grain size study, as discussed in section 5.2.   
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Figure 5.5 Thermal debinding cycle 

 
 
 

5.1.3 Printing defects 
 

The stereolithography process produces 3D objects by stacking layers one on top 

of the other. This interface might not be problematic during green, but during 

thermal treatment, it can lead to cracks and delamination due to the amount of 

organic binder that, during the thermal decomposition step, brings to the formation 

of defects. The printing defects can be classified into two types according to the 

printing plane direction. One type of defect is the crossing crack being 

perpendicular to the printing plane 5. The other defect is the delamination parallel 

to the printing plane. The delamination occurs because the particle packing density 

between two layers is lower than that within layers and by the peel force/separation 

force during lifting of the platform of the printer. The delamination arises also due 

to an insufficient adhesion between the layers if the penetration depth of the UV 

radiation is less than the layer thickness 6. Crossing cracks may occur due to the 
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shrinkage between the cured layer adhering to the platform or to the previously 

cured layer, leading to tensile stresses. Furthermore, the printed samples are 

inhomogeneous due to the presence of the ceramic powders; for this reason, the 

path of the decomposed species is tortuous and lead to a non-isotropic shrinking 

during the sintering 7. Residual stresses generated during printing can be 

responsible for creep distortions which may cause cracks and delamination thus 

affecting final accuracy and quality of specimens 8. The samples printed with the 

DLP-stereolithography showed only delamination as an issue to be managed but 

vertical cracks were never observed (figure 5.6). In this case, the delamination 

defects could have been caused by not suitable printing parameters that lead to 

insufficient adhesion between the adjacent layers. 

 
 

 
Figure 5.6 Cross-section micrographs of delaminated sintered samples 
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5.2 Phase and microstructural characterization of the 
printed parts 
 
The sintering behaviour of the green bodies was investigated by dilatometric 

analysis by comparing pressed and printed Ce11ZA16 bodies (figure 5.7). The 

printing process may induce some variations in the thermal behaviour of the 

samples. Typically, the printed materials exhibit larger shrinkage compared to the 

pressed ones.  

It can be seen that the printed sample was characterized by a lower green density as 

compared to the pressed one: a different interaction between the resin and the 

ceramic powder could influence the particle packing. The lower green density of 

the printed parts, 43.7 ± 1 %TD with respect to 46.5 ± 0.7%TD for the pressed parts 

(mean value calculated on 5 samples) leads also to a slightly higher temperature at 

which the maximum sintering rate happens, equals to 1245 °C 9 for printed 

materials, compared to 1225 °C for the pressed ones (figure 5.7B). 

For dilatometry measurements, a heat treatment program was carried out at a 

heating rate of 5 °C/min from ambient temperature up to 1550 °C, a dwell time of 

1 h, and a cooling rate of 5 °C/min down to the ambient temperature. The samples 

for dilatometry analysis were prepared by pressing 1 g of Ce11ZA16 powder, poured 

into a 17 x 5 mm2 rectangular die, using a 15 Ton Specac manual hydraulic press 

with a pressure of 0.1 MPa. 

The green density was evaluated by the geometrical method while the fired density 

was assessed by the buoyancy method. The main data obtained by the dilatometric 

study of printed and pressed bodies are collected in Table 5.1. 



163 

 

  
 

Figure 5.7 A-B Comparison of a Ce11ZA16 pressed bar (dotted red line) and a printed one 

at 73 wt% of solid loading (solid blue line). Dilatometric (A) and derivative (B) curves. 

 

  

A linear shrinkage of about 26% and 22% was found in the printed and pressed 

sample, respectively. The printed sample showed a lower green density. The 

presence of the acrylic resin and the dispersant among the ceramic particles could 

affect the particle packing in the forming step and during the sintering as well , even 

if the results are almost superimposable up to a certain temperature. 

For the printed specimen the onset sintering temperature was detected at about 1050 

°C and the inflection point was identified at 1245 ◦C. A slightly lower onset 

temperature, equal to 996 °C, was detected for the pressed one with an inflection 

point at 1225 °C. The sintered densities of 97.8 and 100 TD% were respectively 

yielded for printed and pressed samples. 

For the printed samples, the densification is not complete whereas, for the pressed 

one, full densification was achieved. It can be stated that the stereolithographic 

process has an effect on the sinterability of the composite powder, in accordance 
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with the literature 10, because if defects are formed during the printing than cannot 

be eliminated anymore during the following steps. 

This discrepancy may be the result of the ceramic particles organization and 

porosity size/distribution due to the shaping technique applied and to the removal 

of the organic matter during the debinding step. The densification of printed 

ceramics sintered at 1500 °C for one hour was however excellent. 

On the ground of these results, the most appropriate sintering conditions of printed 

materials were fixed at 1500 °C for 1 h in order to limit the grain growth. 
 
 

Sample Green 
density 
(TD%) 

Fired 
density 
(TD%) 

Tonset (°C) Tmax (°C) Total linear 
shrinkage 

(%) 
Printed 42.4 97.8 1050 1245 26 
Pressed 46.5 100 996 1225 22 

 
Table 5.1 Data determined by the dilatometric study of Ce11ZA16 printed and pressed 

bodies sintered at 1550 °C for 1 h 

 

 

The microstructural evolution and sintering behaviour of Ce11ZA16 was studied 

again on a 73 wt% solid loading printed bar by means of dilatometric analysis after 

thermal debinding treatment (figure 5.8). On the dilatometric curve and its 

derivative four significant temperatures of the sintering cycle were selected: 1000 

◦C, the sintering onset temperature, 1170 ◦C, corresponding to ~ 5 % less shrinkage 

than the maximum shrinkage rate, 1300 ◦C, equivalent to ~ 5 % greater shrinkage 

as respect to the maximum shrinkage rate, and 1500 ◦C, that matches with ~ 98 % 

of the total linear shrinkage. 

At these representative temperatures, the fracture surface of Ce11ZA16 printed 

samples was analysed through Field Emission Scanning Electron Microscope 

(FESEM) in order the study the microstructure evolution step by step (figure 5.9). 

At 1000 ◦C a homogeneous microstructure, devoid of significant flaws, can be 

observed. At higher magnifications, 100–200 nm particles can be observed, 
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coherent with the starting particle size distribution. No agglomeration can be 

observed, indicating that the three initial powders' homogeneous and fine dispersion 

was maintained after being introduced to the polymeric component. From 1170 ◦C 

to 1500 ◦C the printed layers take shape. At 1170 ◦C, at higher magnification, 

limited grain growth, with particles of 150–300 nm, was noted. At 1300 ◦C and 

1500 ◦C, due to their differing sizes, α-Al2O3 and Ce-ZrO2 particles might be 

discerned because of larger zirconia grains. 

At 1300 °C, grain development was still constrained with an average particle size 

of ~ 250 nm and ~ 450 nm for alumina and zirconia, respectively. From 1300 ◦C to 

1500 ◦C the grain dimension increases in an important way generating particles of 

~ 1 μm and 0.5 μm for zirconia and alumina, respectively. 

The fired theoretical density (TD%) was 51.0 % at 1170 ◦C, 69.6 % at 1300 ◦C, and 

95.5 % at 1500 ◦C. A layer thickness of approximately 11 μm was measured at the 

end of the sintering. 

 

 
 

 
Figure 5.8 Dilatometric curves: linear shrinkage (solid line) and derivative (dotted line) of 

a 73 wt% printed bar. 
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Figure 5.9 Microstructural evolution of printed samples with formulation 73 wt% +2.5 

Disperbyk-103 fired at different temperatures. 
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5.2.1 Grain size - solid loading relationship of Ce11ZA16 
 

As discussed in Chapter 1, density, grain size, and homogeneity are the main 

features of the ceramics' microstructure. A high density is an important parameter 

since a low density, most of all if open porosity is present, leads to material cohesion 

losses, and the decrease in mechanical properties can be dramatic 11. It is widely 

recognized the beneficial effect of reducing the grain size on the ageing kinetics 12 

but an excessive reduction leads to a decrease in toughness and slow crack 

propagation threshold due to a less effective phase transformation toughening 13. 

Ceria-doped zirconia ceramics show exceptional toughness (up to 20MPa √m) and 

are less sensitive to aging (due to the tetravalent nature of cerium ions). According 

to the literature, the grain size of a fully dense Ce-TZP is typically above 1.5–2 mm 

and this is one of the principal disadvantages of this material as compared to Y-TZP 

which exhibits grain size lower than 0.5 mm and higher strength (1000 MPa for a 

fully dense material against 600 MPa for CE-TZP) 14. 

The effect of the grain size on transformation and on transformation toughening has 

been explored on 12 mol% Ce-TZPs.  

It was found that the temperature for the t-m transformation, the transformation 

zone size, and the transformation toughening, all increase continuously with grain 

size. Furthermore, a grain-localized tensile stress can promote the t-m 

transformation, this factor is influenced by the mismatch strains at grain boundaries 

due to the difference in the thermal expansion coefficients in the c- and a-axes of 

the tetragonal phase. This anisotropy increases with an increase in grain size 15. 

Larger grain size diminishes also the flexural strength 16 17 (the relationship between 

grain size and mechanical properties in Ce-TZP ceramics is explained in detail in 

chapter 1.1.1). 

In order to study the evolution of the zirconia and alumina grain size, FE-SEM 

micrographs of samples at different solid loadings were collected. In detail the 

formulations with 68 wt%+1.5 Disperbyk-103, 70 wt%+2 Disperbyk-103, 73 
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wt%+2.5 Disperbyk-103, and 78 wt%+2.5 Disperbyk-103 were printed and sintered 

both at 1500 °C/ 1h and 1550 °C/1h and studied. The aim was to evaluate the 

influence of the solid loading and the sintering temperature on the zirconia and 

alumina grains' growth.  

The specimens were polished, using SiC discs up to P1200, and thermal etched 

specimens were analysed after being sputter-coated with gold for 2 minutes to 

prevent charge accumulation.  

The average grain size was evaluated by ImageJ software using the linear intercept 

method. For each phase, ~ 300 grains were measured. From the FE-SEM 

micrographs, a good distribution of the zirconia and alumina phases can be 

observed. Alumina grains showed a sub-micrometric average size at all solid 

loadings investigated, and at both 1500 °C and 1550 °C. Zirconia grains showed 

larger size distributions but free of abnormal growth. Alumina grains were mostly 

present at ZrO2 grain boundaries, as expected. In general, fine ceramics typically 

have a low coefficient of thermal expansion; among these materials, zirconia shows 

the highest value, 10 x 10-6/°C while alumina shrinks less, 8 x 10-6/°C 18. The 

thermal expansion’s mismatch between zirconia and alumina strengthened the 

material by inducing residual stresses.  

In figure 5.10 A and B, it can be noticed that from 1500 °C to 1550 °C an increase 

in the particle size was revealed for the two phases. 

On the contrary, a progressive decrease of both alumina and zirconia particle size 

by increasing the solid load was detected. This result could be due to the higher 

stress concentration in the samples because of the above cited mismatch in the 

respective coefficient of thermal expansion. Further studies should be done to 

investigate the exact reason, but this phenomenon was observed, for example, 

during high pressure sintering of alumina 19. 

In the samples made from slurries with lower solid loading (68 wt% and 70 wt%), 

the binder volume to remove is higher and, as a consequence, the packing density 

is reduced. After the debinding treatment, voids were left behind in the 

microstructure and the interparticle distance is greater limiting the diffusion gap 
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and the points of contact 20. The contact points are necessary for the starting neck 

growth through surface diffusion, followed by grain growth and pore rounding. The 

relatively minor lower contact points postpone the densification since the shrinkage 

and densification happen through grain boundary and volume diffusion phenomena 

and not surface diffusion. On the other hand, at higher solid loadings (73 wt% and 

78 wt%), the packing densities increased leaving smaller voids and lesser pores 

between particles allowing the achievement of higher densities (for both the green 

and the sintered parts) 20. As assessed in the literature, solid loading is a key factor 

that affects the physical and mechanical properties of printed parts 21. As observed 

by Xia et al. with a higher solid loading they observed a better grain size 

"consistency" 21. Probably, these concurrent physical phenomena during sintering 

lead to this discrepancy in the zirconia grains' growth. 

This phenomenon is more evident for the zirconia grains that, on equal terms, 

passing from a 68 wt% to a 78 wt% slurry, the ZrO2 grains dimension decreased by 

27.7% and 28% at 1500 °C and 1550 °C respectively. For the alumina grains, less 

noticeable grain growth can be detected; from 68 wt% to 78 wt% slurries, the Al2O3 

grains dimension decreased by 25.9% and 25% at 1500 °C and 1550 °C 

respectively. This is a further confirmation of the beneficial effect of the 

augmentation of the slurry's solid load that, as well known, strongly influences the 

curing behaviour, and the microstructure of the ceramic core. A high-solid loading 

slurry can successfully enhance the sintering densification of ceramic particles, 

interlayer bonding strength, and mechanical properties 22 23.  
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Figure 5.10 Al2O3 and ZrO2 grain size at increasing solid loadings sintered at 1500 °C (A) 

and 1550 °C (B) 
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On the basis of the rheological properties, the curing behaviour of the slurries, and 

the PCA analysis, as discussed in detail in chapter 4, the formulation 78 wt% + 2.5 

Disperbyk-103 was identified as the most promising formulation. The study on the 

grain size is a further confirmation. At 1500 °C, the grain growth was moderate; 

this should be favouring the mechanical performances. For this reason, the bending 

strength was performed on printed bars fired at this temperature (see next section). 

FE-SEM micrograph and related particle size distribution of the 78 wt% + 2.5 

Disperbyk-103 formulation are depicted in figure 5.11. A good distribution of the 

two phases can be appreciated. Zirconia grains were bigger compared to alumina 

ones, this last phase was also characterized by a narrower grain size distribution, as 

expected, considering the very good dispersion achieved. 

 

 

 
 

Figure 5.11 FE-SEM micrograph of Ce11ZA16, at 78 wt% of solid loading, and related 

grain size distribution. Sintering at 1500 °C 
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5.3 Mechanical characterization 
 
 
In this section, the mechanical properties of Ce11ZA16 are determined by means of 

Vickers hardness and three-point bending tests. 

At the beginning of each paragraph, a brief description of the characterization 

techniques and the samples preparation process is presented too. 

Ce11ZA16 printed samples were sintered at 1500 °C for 1 h and are characterized by 

a high fired density (99.8 TD%) and a low monoclinic volume content (<1%). 

 
 
 
5.3.1 Vickers hardness 
 

Vickers hardness was measured with a diamond pyramid with 90° base angles and 

a 136° face angle. The hardness was measured following the ASTM E384-17 

Standard Test Method for Microindentation Hardness of Materials, and the 

hardness value was calculated with the equation: 

 

Hv=
1.8544·𝑃(𝐾𝑔𝑓)

𝑑2(𝑚𝑚2)
                                                        (1) 

 

where d is the mean length of the two imprint diagonals and P is the force in Kgf. 

All the measurements were performed with a load of 1 kgf with 15 seconds of 

holding time.  

A MicroMet 6000 Series Buehler equipment was employed. The hardness unit 

recognized is Vickers Pyramid Number (Hv).  

For the preparation of the specimens, printed and sintered bars were embedded into 

an acrylic resin and the surfaces were polished down to 1 μm.  

As reported by Chinn 24, the use of the resin doesn't influence the hardness values 

for test loads up to 30 kgf. With the aim to obtain two perfectly plane surfaces both 
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faces of the resin were polished. A series of 20 indentations were performed on each 

sample. 

The imprints were investigated with the optical microscope Leica DMI 5000 M. In 

order to have correctly performed hardness measurements, special care was taken 

to the indentation shape and dimension. The lengths of the diagonals should not 

deviate more than 5% from each other, the distance between indents should be a 

minimum of three times the diagonal length and the thickness of the sample should 

be at least 1.5 times the diagonal length of the indentation (figure 5.12). 

 

 

 

 
 

Figure 5.12 Images of the 1 kgf indentations on Ce11ZA16 composite 
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The Vickers hardness mean value of the Ce11ZA16' bars sintered at 1500 °C was 15.3 

± 0.6 GPa obtained by measuring 20 indentations. In table 5.2, according to the 

literature, Vickers hardness of zirconia-based materials are reported.  

 

 
Hardness 

(GPa) 

Material Load 

(N) 

Techni

que 

 TD 

(%) 

Mean grain 

size (µm) 

Refer

ence 

9.8-10.6 ZA8Sr8 

(Ce 10 to 

11.5) 

300 Slip 

cating 

 

>99.9 

0.6 ± 0.2 

(CeZrO2) 

0.3 ± 0.1 (α-

Al2O3) 

25 

11-12 Ce-

TZP/30 

vol% 

Al2O3 

composite

s 

490 Isostati
c 

pressin

g 

 

 

// 

 

 

0.9 (ZrO2) 

26 

15-21 AZ85 4.9 (500 

gf) 

sla  

99.2 

0.61 ± 0.19 

(ZrO2) 

0.65 ± 0.27 

(Al2O3) 

27 

16.2 ZTA 9.8 sla  

96.6 ± 

0.6 

1.36 ± 0.64 

(Al2O3)  

0.55 ± 0.18 

(ZrO2) 

28 

17.76 ZTA 98 sla 99.5 1.08 (Al2O3)  

0.35 (ZrO2) 

29 

12.14  (3Y-TZP) 

(Fe2O3) 

doped 

98 sla 99.2± 

0.01 

0.46 30 

13.06      ZrO2 98 sla 97.14 // 31 
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11.24-12.5 Y-TZP 196.1 sla 99.44 ≤0.4 (ZrO2) 32 

12.75 Ce-TZP 49 sla 98.9 0.42±0.01 33 

16 ZrO2 // sla // >0.5-

1.8<(Al2O3) 

34 

6.2 10Ce-TZP 490 Slip 

casting 

// 1.2 (ZrO2) 35 

  

10 ± 0.1 

10 Ce-

TZP/15α-

Al2O3 

294 Slip 

casting 

96.5 ± 

0.1 

0.54 ± 0.06 35 

13.525 ± 

2.556 

CeZTA_5

0 

0.001 Hydrau

lic 

press 

// // 36 

12.75 ± 0.15 Ce-TZP 49 Sinter-

HIP 

98.9 0.42 37 

15.3±0.6* Ce11ZA16 98.1 sla 99.8 1±0.2 

(ZrO2) 

This 

work 

 

Table 5.2 Vickers hardness of zirconia-based materials 

 
 

 

5.3.2 Three-point bending test 
 

The flexural strength of the printed bars was evaluated by three-point bending 

(3PB). Prior to the 3PB the specimens were not machined but tested as printed, 

without further polishing. The main goal was to measure the bending strengths 

values of the printed parts process-dependent and sensitive to defects generated 

during the stereolithographic technique. Before the 3PB tests, the samples were 

submitted to XRD analysis; all showed a monoclinic volume fraction < 5 vol% on 

the upper surface of the printed bar, namely that subjected to compressive stress. 
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Monotonic loading tests up to failure were performed using a 20 mm span. The tests 

were carried out using a testing machine (Zwick Roell) equipped with a Linear 

Variable Differential Transformer (LVDT) in displacement control mode. The load 

was measured thanks to a 50 kN force sensor under the loading pin. All mechanical 

tests were performed at room temperature (22 ± 2◦C) in air. 

The flexural strength in MPa was calculated with the equation:  

 

σ = (3 × F × L) / (2 × W × H2)                                                                               (2) 

 

where F is the maximum force to failure (N), L is the distance between the lower 

supports (mm), W is the sample width (mm), and H is the sample height (mm). 

Ten printed samples (78 wt% + 2.5 wt% Disperbyk-103) of dimensions 25 × 2 × 

1.5 mm3 (L x W x H) sintered at 1500 °C/1 h were tested. 

Young's modulus was calculated from the linear slope of the load-displacement 

curves obtained. The samples exhibited a bending strength of 436 ± 28 MPa and a 

Young's modulus of ~200 ± 19 GPa. In table 5.3 different bending strength values 

of 3D-printed alumina-zirconia composites are reported. 

The comparison between different literature data could be very difficult since the 

final results strongly depend on the applied test, the sample preparation, the solid 

load, the printing parameters, and so on. As can be observed, the literature values 

are slightly higher compared to this work, but all the specimens were chamfered 

and mirror-like polished before the mechanical test in order to remove superficial 

flaws. In our case, the bars were tested as printed in order to study and improve the 

reliability of the printing process and fully exploit the high potential of DLP-

stereolithography.  

The obtained values evidence the sample's consistency and low surface defect rate. 

Since the material is very sensitive to processing flaws and delamination, by 

continuing the work on the printing process, there are good assumptions so that in 

the future the bending strength values could increase.  
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Composition 3D Printing 

method 

Test 

method 

Fired 

density 

(TD%) 

σ (MPa) Pre-treatment Ref. 

48 vol% 

Al2O3-ZrO2 

LCM-DLP 4 PB 98.5 574 edges of the 

tensile side were 

chamfered  

38 

Mass ratio 

(Al2O3: ZrO2) 

3:1 

DLP 3PB 99.4 516.7 not declared 39 

Ce–

ZrO2/Al2O3 

SLA 3PB // 530.25 polished 40 

3Y-TZP Material 

jetting 

4PB 99.7 733 ± 

152 

chamfered and 

mirror-polished 

bars 

41 

Ce11ZA16  

78 wt% + 2.5 

Disperbyk-

103 

SLA 3PB  436 ± 28 none This 

work 

 

Table 5.3 Bending strength data of 3D printed materials from the literature 

 

In figure 5.13 the bending strength values versus the fired density (TD%) are plotted 

for the compositions 70 wt%, 73 wt%, and 78 wt%. While all the compositions 

show a rather high densification, the bending strength increases as the solid loading 

also increases demonstrating the beneficial effect of a higher solid load. It is 

eloquent how as the density increases, the defects decrease, mechanical strength 

increases, and the distribution of MOR values is reduced. 
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Figure 5.13 Bending strength vs fired density TD%) at different solid loading 

 
 
 
5.3.3 Phase characterization of Ce11ZA16 
 

With the aim to investigate the phase composition, 78 wt% + 2.5 Disperbyk-103 

printed samples were submitted to XRD analyses, as shown in figure 5.14. 

The phase composition was determined by X-ray diffraction in Bragg-Brentano 

configuration (X'Pert Powder DY 3539), in the 5–70° 2θ range. Phases were 

identified by JCPD file n. 10-0173 for α-Al2O3 phase, 82-1398 for tetragonal 

zirconia stabilized with ceria, and 74-0815 for monoclinic zirconia. The intensities 

of the monoclinic (−111) and (111) peaks and the (101) tetragonal peak were 

investigated to calculate the monoclinic zirconia fraction, according to the Toraya 
43 method. 

Mostly tetragonal zirconia was detected on the polished SLA sample surface 

meaning that, after sintering, relevant tetragonal zirconia volume fraction was 

successfully kept at room temperature and only traces of monoclinic one was 
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observed (figure 5.14). Furthermore, the presence of stiffer alumina grains can 

improve the stability of the tetragonal zirconia phase at room temperature with a 

constraining effect 44. 

 
Figure 5.14 XRD pattern of 78 wt% + 2.5 Disperbyk-103 sintered at 1500 °C/1 h 

 

 
 
5.3.4 T-m zirconia transformability assessed by Micro-Raman 

spectroscopy 
 

Raman spectroscopy is a non-destructive technique that allows to analyse a material 

by irradiating it with a laser spotlight. That incident radiation by interacting with 

the vibrational levels of matter produces an energy emission at a wavelength 

different from the one of the incident light. The analysis of the scattering radiation 

allows to single out at the different energies the components of the vibrational 

modes related to the constituting chemical bonds. Here, thanks to the coupled 
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microscope, the technique is adopted to analyse the zirconia transformability 

performed on sintered Ce11ZA16 samples after having indented the surface for 

measuring the Vickers hardness. Samples with the highest hardness were chosen 

for the Micro-Raman analysis. This spectroscopic technique allows the evaluation 

of the occurrence of the tetragonal to monoclinic zirconia transformation in the area 

around the indentation.  

The spectra were acquired with a Renishaw InVia Reflex micro-Raman 

spectrometer (Renishaw plc, Wottonunder-Edge, UK), equipped with a cooled 

CCD camera. The Raman source was a 514.5 nm diode laser (Toptica Photonics 

AG, Gräfelfing, Germany) which a maximum power equal to ~100 mW. Samples 

inspection occurred in backscattering light collection configuration through a 20x 

microscope objective (N.A. 0.25). Optical images were acquired with a Nikon 

Eclipse ME600 microscope (Nikon, Tokyo, Japan).  

Mapping mode spectra were acquired with 3 s of exposure time and 3 

accumulations for each one, in the 100 - 1800 cm-1 range, on a region of 75 × 75 

μm2 with a step size of 5 μm (225 spectra). The spatial resolution of the equipment 

was ~1 μm. 

Before the indentation, the sample was submitted to X-ray diffraction (XRD) 

measurements that exhibited pure tetragonal peaks on the polished down to 1 μm 

and as-sintered surface. 

The spectral map analysis was performed by means of the Renishaw WiRE 3.2 

software. At first, the indentation area was mapped by creating the 15 x 15 (points) 

grid. Each spectrum was collected at the crossing points of the grid axes (figure 

5.15). The map analysis was performed in the 100 - 1800 cm-1 range where the most 

significant peaks corresponding to the monoclinic and tetragonal phases are present. 
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Figure 5.15 Optical microscopic image of the mapped area around the indentation. 225 

spectra were recorded by as many points. The red points indicate the most significant 

analysed locations for the t-m transformation. 

 

 

After a deep analysis of the collected spectra, the five most representative points 

were selected (figure 5.15): two close to the edges (points 2-4), one in the centre of 

the indentation (point 3), and two far from the indented area (point 1-5). 

In table 5.4 Raman shift corresponding to the tetragonal and monoclinic phase are 

reported. Tetragonal phase peaks were assigned at ~ 142, 256, 316, 460, and 

635 cm-1 37. Monoclinic phase peaks were assigned at ~ 178, 190, 375, 534, 559, 

and 615 cm-1 45. The α-Al2O3 peak was located near 1400 cm-1 46.  
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Raman shift (cm-1) 

Tetragonal ZrO2 Monoclinic ZrO2 

142 

256 

316 

460 

635 

178 

190 

375 

534 

559 

615 

 

Table 5.4 Raman peaks of monoclinic and tetragonal phases 46 

 

As expected, Raman analyses have shown an increase of the monoclinic ZrO2 

content closer and inside the indentation. The spectra showed monoclinic peaks in 

the points 2-3-4-5) and then decreased drastically at the point 1, ~3 µm far away 

from the indentation area (figure 5.16).  

 
Figure 5.16 Micro-Raman spectra recorded from positions 1-2 (see figure 5.2) 
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Two-dimensional Raman maps in false colour images underpin what was already 

seen with the collected spectra; the transformation from tetragonal to monoclinic 

zirconia phase occurred in the optically observed transformed zones. The highest 

amount of monoclinic phase was localized at the centre of the indentation and then 

decreased moving away (table 5.5 - 5.6 - 5.7). The peaks at 256, 466, and 637 cm -

1 were analysed for the tetragonal phase, while the peaks 178, 190, 375, 534, and 

559 cm -1 were analysed for the monoclinic one. 

Each map is related to a specific peak that is in turn correlated to a specific point of 

the indentation. Two typologies of maps are compared, rainbow colours based, and 

red shades. For the former, the increase in the peak intensity corresponds with the 

toning from blue to red while, for the second, the increase of the peak intensity 

corresponds to a more intense red colour tone. 

Regarding the false colour maps of the monoclinic peaks, the colour veers to red 

while gradually approaching the indentation. The opposite behaviour can be 

appreciated in the false colour maps of the tetragonal peaks, the colour veers to blue 

while gradually approaching the indentation, meaning that the amount of the 

tetragonal ZrO2 phase is very low or zero. For the red maps related to the tetragonal 

peaks, the colour intensity decreases until disappearance near and inside the 

indentation. For the monoclinic peaks, an intense red can be detected close to the 

indentation for then blend moving away from it. 

No quantitative calculations were made since the aim was to investigate the t -m 

transformations from a qualitative point of view. 

The martensitic transformation occurs in the area around the indentation creating 

stress fields in the surrounding material due to volumetric misfit  47. 

The maximum phase transformation might be expected just below the indentation. 

However, the dilatation related to the phase transformation amplifies the residual 

tensile forces, which in turn enhances subsurface transformation and transformation 

around the indentation impression, giving rise to higher monoclinic peak intensities 
47. 
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Point Raman shift  

(cm-1) 
Zirconia monoclinic phase peaks 

1 

178 

  

190 

  

375 

  

534 

  



185 

 

1 

256 

  

466 

  

637 

  

 
Table 5.5 Micro-Raman mapping of the indentation induced phase transformation for a 1 

kg indented Ce11ZA16 sample at point 1 from the map of figure 5.15 
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Position Raman shift 

cm-1 
Zirconia tetragonal phase peaks 
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Position Raman shift 

(cm-1) 
Zirconia monoclinic phase peaks 

2 

178 

  

190 

  

375 

  

534 

  



187 

 

559 

  
 

Position Raman shift 

(cm-1) 
Zirconia tetragonal phase peaks 

2 

256 

  

466 

  

637 

  

 
Table 5.6 Micro-Raman mapping of the indentation induced phase transformation for a 1 

kg indented Ce11ZA16 sample at point 2 from the map of figure 5.15 
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Position Raman shift 

(cm-1) 
Zirconia monoclinic phase peaks 

3 

178 

  

190 

  

375 

  

534 
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559 

  

Position Raman shift 

(cm-1) 
Zirconia tetragonal phase 

3 

256 

  

466 

  

637 

  

 
Table 5.7 Micro-Raman mapping of the indentation induced phase transformation for a 1 

kg indented Ce11ZA16 sample at point 3 from the map of figure 5.15 
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5.3.4.1 Transformability of Ce11ZA16 
 

As stated in chapter 1, tetragonal to monoclinic phase transformation is the basis of 

the toughness of ATZ composites. Zirconia provides toughness also due to the 

interaction of the crack front with microcracks induced by the t-m transformation, 

while alumina gives high strength 48. In order to study the transformability, printed 

bars with the formulation 78 wt% + 2.5% Disperbyk-103, sintered at 1500 °C/ 1 h 

were submitted to the X-Ray Diffraction analysis (XRD). The fractured surfaces of 

bars after the 3‐point bending test were analysed and compared with polished and 

thermal etched surfaces before the mentioned mechanical test to check the starting 

and final tetragonal amount. A high transformability was revealed, since the 

monoclinic phase, absent on the sample's surface, was preponderant on the fracture 

surface (figure 5.14). A monoclinic volume fraction of 82 vol% was detected on the 

fracture surface, while the bar's polished upper surface was fully tetragonal, 

confirming the reliability of the printing process. 

 

 
Figure 5.14 X-ray diffraction pattern of the printed bar's fracture surface, after a 3-point 

bending test (dotted green line) compared with the bar's polished upper surface (solid 

blue line) 
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5.4 Conclusions 
 

In this last chapter, fully dense Ce11ZA16 composites with a low monoclinic volume 

fraction were obtained by DLP-stereolithography. 

In the first part of the chapter, post-printing treatments such as water debinding and 

thermal debinding, were analysed in depth. The debinding process with water 

results as the best option compared to the debinding with solvents such as DBE 

(dibasic ester), isopropanol, or ethanol. The defects generated from the post -

treatment and the best solutions found to reduce them or to maintain them under 

control were discussed as well. 

The sintering behaviour of the green bodies was investigated by microstructural 

evolution and dilatometric analysis; a linear shrinkage of about 26% and 22% was 

found in the printed and pressed samples, respectively. 

The grain size was measured with the aim to evaluate the influence of the solid 

loading and the sintering temperature on the zirconia and alumina grains' growth. 

The sintering cycle at 1500 °C/1 hour was found to be the best compromise for the 

restriction of the grains' growth. 

In the second part, the characterization in terms of transformability and mechanical 

properties was reported. 

The printed samples with the formulation 78 wt% +2.5 Disperbyk-103 showed a 

Vickers microhardness of ~15 GPa, in line with the values found in the literature 

for the ATZ materials produced with the same technique.  

Micro-Raman spectroscopy and mapping were utilized effectively to investigate the 

spatial distribution of indentation-induced phase ZrO2 transformations. The 

excellent spatial resolution of the instrument permitted the mapping of the 

transformed monoclinic phase in and around the indentations. The monoclinic 

peaks intensity increased closer to the indentation. 
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Three‐point bending tests were performed on printed bars with the formulation 78 

wt% +2.5 Disperbyk-103 showed a reasonably good bending strength of 436 ± 28 

MPa, considering the fact that the samples were not polished. 

Further studies will be necessary to better tailor the printing process and improve 

the mechanical properties, but the potential of the material is very high. 
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Chapter 6  
 

General Conclusions and 

Perspectives 
 

This chapter concludes the study, summarizing the major results in connection to 

the research objectives and questions and analysing their importance and 

contribution. Additionally, it will discuss the short comings of the study and suggest 

areas for future investigation. 

The main aim of the present PhD project was to exploit Digital Light Processing 

(DLP) Stereolithography to investigate the printability of composites in the 

zirconia-alumina system with appropriate compositional and microstructural 

characteristics for the purpose of tailoring physical and mechanical features. The 

novelty of this research topic is that the current applications of DLP-

stereolithography are based on the 3D printing of yttria-stabilized tetragonal 

zirconia (Y-TZP), while few works in the scientific literature have reported on the 

printability of Ce-ZrO2/Al2O3 composites through DLP. Zirconia-alumina 

composites display a strategic combination of mechanical properties: alumina 

shows outstanding hardness and wear resistance, while zirconia presents 

remarkable bending strength and fracture toughness, paving the way for several 

applications in the biomedical, orthopedic, and dental fields. 

In the first chapter of the thesis, an introduction was given to the transformation 

toughening property of zirconia and the beneficial effect of alumina addition in the 

powder composition, and the advantageous influence of ceria in the aging resistance 

of zirconia.  After that, the 3D printing technology used in this work, i.e. Digital 

Light Processing (DLP) was described in detail.  
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The first part of the research activity was devoted to the preparation and 

characterization of zirconia‐based composite powders suitable for the preparation 

of printable slurries. The dispersion process of the powders was carried out through 

wet ball-milling, obtaining powders with a particle size distribution below 1 µm, 

suitable for the preparation of slurries with a low viscosity. 

In detail, in the second chapter, Ce‐TZP based bi-phase materials, particularly 84 

vol% ZrO2 (11 mol% CeO2) and 16 vol% Al2O3 (denoted Ce11ZA16), was 

successfully prepared. A study of the dispersibility was carried out and a good 

dispersion with a monomodal narrow particle size distribution was reached after 18 

hours of ball‐milling. The suspension was dried on a hot plate magnetic stirrer until 

the evaporation of the liquid medium and then sieved down to 125 µm. 

In the third chapter, the procedure for obtaining the three‐phase composites 

(referred to as Ce11ZA8Sr8) was described. More in detail, 11 mol% ceria‐stabilized 

ZrO2 (a mix of the 10 mol% and the 12 mol% ceria‐stabilized ZrO2 powder) was 

dispersed in water to achieve a fine particle size distribution. Afterward, the 

inorganic precursors of the secondary phases, round‐shaped α‐Al2O3 and elongated 

SrAl12O19, were dissolved in distilled water and drop‐wised into the ceramic slurry, 

the former for retaining the zirconia grain growth during sintering, and the latter for 

further improving the fracture toughness of the material. 

The doped suspension was then homogenized under magnetic stirring and spray‐

dried to induce the precipitation of the precursors onto the surface of the zirconia 

particles by liquid evaporation. The powder obtained was then thermal treated to 

produce the crystallization of the second phases. 

The second part of the activity was focused on the preparation of slurries at several 

solid loadings with Ce11ZA16 or Ce11ZA8Sr8 as matrix powders. The ambitious goal 

of this part of the research was to obtain high solid loading slurries which were 

particularly homogeneous and stable. A high solid loading slurry is in fact 

beneficial to obtain a high green and sintered density, and to reduce the shrinkage 

during the sintering step. A key aspect of this slurry is its low viscosity (3000 mPa.s 

at the operative shear rate) and a shear-thinning behavior. In this way, the slurry 
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can be properly spread on the foil during the layer-by-layer printing process of an 

object, preventing its spontaneous flow and achieving a uniform layer under the 

action of the doctor blade. 

The behavior of the Ce11ZA16 slurries was explored first. As a preliminary study, 

dispersant-free slurries were prepared at 50.0 to 62.5 wt% solid loadings. A second 

set of slurries was prepared with the addition of 1.0–4.0 wt% dispersant (with 

respect to the dry powder), which allowed particle–particle interactions to be 

managed and a low viscosity to be maintained to achieve solid loadings in the range 

of 65 to 80 wt%. Finally, the slurries were printed, and the as‐obtained samples 

were submitted to the debinding and sintering treatments. Bars suitable for 

mechanical characterization were then produced.  

Through PCA analysis, the most convincing slurry formulation suitable for the 

production of parts with favorable mechanical properties was identified. The most 

promising slurry formulation for Ce11ZA16 was 78 % of solid load with the addition 

of 2.5 wt% Disperbyk-103 as dispersant. The optimized slurry had a viscosity of 

2.8 Pa s at a shear rate of 160 s-1.  The maximum density was achieved at 78 wt% 

solid loading, providing values of 98.3 % and 99.4 % after firing at 1500 ◦C/1 h and 

1550 ◦C/1 h, respectively.  

With the tri-phasic Ce11ZA8Sr8 composition, sintered samples were obtained with a 

TD% of 96 % and 96.6 % at 1500 ◦C/1 h and 1550 ◦C/1 h, respectively. The 

maximum density was achieved again with the 78 wt% + 2.5 Disperbyk-103 slurry.  

The most important limitation in printing the Ce11ZA8Sr8 lies in the fact that the 

procedure to obtain the amount of the composite powder, sufficient for only one 

print, was time-consuming and the several steps necessary for the preparation could 

introduce variables that are difficult to manage and control in the whole process.  

The most challenging goal of the tri-phasic powder was achieved, i.e. the 

crystallization of the second phases in the matrix ZrO2 powder, but in the printed 

parts some printing flaws were still present, impeding the mechanical 

characterization. Notwithstanding these limitations, this work offers valuable and 

fruitful insights for further researches. 
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Further research might explore the printability of Ce11ZA8Sr8 by using a commercial 

tri-phasic powder in order to focus on the optimization of the printing process, and 

on reducing the printing flaws with the aim of obtaining homogeneous 

microstructure and a fully dense material with mechanical properties suitable for 

biomedical application. 

Another limitation of this study was the occurrence of delamination of the sample 

during the water debinding step. Actually, the factors leading to delamination took 

place well beforehand, mainly being bubbles between the new layers and the 

previous one, insufficient power of the UV light, which does not allow a firm 

cohesion between the layers, shrinkage of the sample, and inhomogeneous slurry. 

In this work, great effort was dedicated to controlling all these variables and the 

PCA analysis helped a lot in this regard. The delamination was greatly reduced, 

even if not completely, but bending and cracks, as well as printing flaws 

characteristic of the stereolithographic process, were totally avoided. These 

findings provide interesting inputs for future research and pave the way to obtaining 

delamination-free samples. Further research should be undertaken to explore how 

to obtain thicker layers (hindered by the presence of Ceria, a known UV-blocking 

material), for example by the addition to the slurry of some additives that avoids 

this negative aspect. 

In the last section, the sintering behavior of the Ce11ZA16 green bodies was 

investigated by microstructural evolution and dilatometric analysis; a linear 

shrinkage of about 26% was found. 

The grain size was measured with the aim of evaluating the influence of the solid 

loading and the sintering temperature on the zirconia and alumina grains' growth. 

The sintering cycle at 1500 °C/1 hour was found to be the best compromise for the 

restriction of the grains' growth. The characterization in terms of transformability 

and mechanical properties was reported. 

The printed samples with the formulation 78 wt% +2.5 Disperbyk-103 showed a 

Vickers microhardness of ~15 GPa, in line with the values found in the literature 

for the ATZ materials produced with the same technique.  
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Micro-Raman spectroscopy and mapping were utilized to investigate the spatial 

distribution of indentation-induced phase ZrO2 transformations.  The mapping of 

the transformed monoclinic phase in and around the indentations was done. The 

monoclinic peaks intensity increased closer to the indentation. 

Three‐point bending tests were performed on printed bars with the formulation 78 

wt% +2.5 Disperbyk-103 showed a reasonably good bending strength of 436 ± 28 

MPa, considering the fact that the samples were not polished. 

Undertaking this thesis project has proven that deep knowledge of all the 

mechanisms involved in the stereolithographic process is fundamental for 

achieving a full control of the microstructural features of the final printed parts. 

It has highlighted the importance of an engineering approach and how the tailoring 

of the composite powders affects the properties of the final printed parts. 

The reputation of zirconia as a biocompatible material undoubtedly opens the doors 

to the development of materials for biomedical applications. 

However, these devices must fulfil strict requirements in terms of cytocompatibility 

and dimension of the objects. In the near future, the high resolution of DLP-

stereolithography could be exploited to produce biomedical devices tailored to 

every single patient, avoiding the current invasive methods. 

A preliminary study on the technological transfer at the industrial level of the 

procedure described could be done to avoid reproducibility issues that could arise 

due to the "laboratory scale" utilized. Furthermore, the same elaboration route could 

be extended to other ceramic composites. 
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