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Abstract: The main goal of this work was to obtain dense Al,O3-Y3Al501, ceramic composites by
reactive sintering of three-dimensional samples, built by direct ink writing from a paste containing
a mixture of Al,O3 and Y,O3 powders. To obtain a ceramic ink with proper rheological properties
for extrusion-based printing, highly pure Al,O3 and Y,0O3 powders in a percentage-weight ratio of
64:36 was mixed with 0.2 wt% MgO in a total solid loading of 42 vol% in aqueous media, adding
carboxymethyl cellulose and polyethyleneimine solution as additives. The dried printed samples
were sintered at final temperatures in the range of 1550 °C and 1650 °C; thus, relative densities
of 83.7 + 0.8%, 95.4 4+ 0.4%, and 96.5 + 0.5% were obtained for 1550 °C, 1600 °C, and 1650 °C,
respectively. Rietveld refinement performed on the X-ray diffraction patterns indicated the presence
of Al,O3 (42 to 47%) and Y3Al;501, (58 to 61%) as crystalline phases, while micrographs showed
the presence of equiaxial micrometric grains with average sizes of 1.8 & 0.6 pum, for both phases and
all sintering conditions. Samples sintered at 1600 °C and 1650 °C presented similar average Vickers
hardness values of 14.2 &= 0.27 GPa and 14.5 £ 0.25 GPa, respectively. A slight increase in fracture
toughness as sintering temperature increases was also stated, consistent with the densification.

Keywords: Al,O3-Y3Al501; ceramic composite; direct ink writing (DIW); robocasting; reactive
sintering; characterizations; mechanical properties

1. Introduction

Alumina-based ceramics have been used for several decades in structural applications,
due to their excellent dimensional integrity and stability at high temperatures, intrinsic cor-
rosion resistance from their strong ionic chemical bonds, high hardness, and, consequently,
high wear resistance [1-3]. However, due to its chemical nature and microstructure, this
ceramic is inherently brittle, presenting low flexural strength and fracture toughness [4,5],
which precludes its use in applications where strength and reliability are essential.

An unusual strategy used in hard and brittle ceramics to improve some mechanical
properties involves the variation of their base composition from the insertion of a sec-
ond crystalline phase that presents thermal compatibility with the ceramic base matrix,
which aims to create a composite [6]. Among several ways commonly used to obtain
ceramic composites from physical mixtures of powders, it is necessary to highlight the
importance of the development of these mixtures, namely the control certain parameters as
powder nature and amount, considering distinct and stable ceramics at elevated tempera-
tures. For example, in the case of Al;O3 and yttria-stabilized zirconia Y-TZP (composites),
zirconia-toughened alumina (ZTA) or alumina-reinforced zirconia ceramics (ATZ, alumina-
toughened zirconia) could be attained depending on their proportions [7,8]. In another
type of composites, constituent materials can chemically react at elevated temperatures in a
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process of phases transformation “in situ”, called “reactive sintering” [9,10], resulting in
different crystalline phases after sintering, as, for example, in the binary ceramic system
Al,O3-Y30,, where crystalline phases, such as YAG (Y3Al;5012), YAP (YAIOs), or YAM
(Y4Al1209), can be formed. The new phases formed depend on the composition used
as well as on the sintering temperature, inducing changes in the chemical and physical
properties of the final material.

Several works [3,11-13] have reported on the development of ceramic composites based
on Al,O3 by reactive sintering. In particular, the non-stoichiometric Al,O3-Y,O3-based sys-
tem helps to attain successful densification and enhanced mechanical properties. The main
responsibility is linked to intermediate phases such as YAP, YAM, and YAG (Y3Al15043),
which can appear in the Al;O3; matrix, considerably altering the initial properties of the
material, through a good compromise between densification and grain growth. In fact,
besides thermal compatibility, these phases are also responsible for a microstructural con-
trol, attained at temperatures below 1650 °C, i.e., a usual sintering temperature for Al,O3
ceramics [14].

Robocasting or direct ink writing (DIW) appear as innovative additive manufacturing
techniques for developing structural ceramics with complex shapes [15,16], consisting of
a layer-by-layer extrusion deposition of a filament of a ceramic paste (or ink). Printed
ceramic 3D components need to be subsequently dried and sintered, similar to the most
conventional ceramic fabrication. Although widely successfully used in the manufacture
of porous 3D ceramic components as scaffolds for tissue engineering, there are still con-
siderable difficulties in the fabrication of dense structures [17-19]. Some recent studies
have demonstrated the viability of this technique to fabricate dense monolithic Al,O3
ceramics by increasing the number of solids and flowability of the paste, controlling the
printing parameters (in-fill patterning), and the sintering cycle to obtain a better debind-
ing/densification ratio [20]. The inherent features to the printing process, namely the
inks’ properties determined essentially by the type and amounts of additives, solids load-
ing, particle size distribution and homogeneity of all components, could influence the
green particles packing, the drying step and consequently the sintering process. Literature
presents already some reports regarding the fabrication of ceramics from composite pastes
containing mixtures of powders by additive manufacturing, which may undergo phase
transformations and chemical reactions during the sintering cycle (reactive sintering) [3].
Recently, Zhang et al. [21] obtained YAG-Nd-based dense ceramics by robocasting for
optical applications using stoichiometric ratios of Y,03 and Al,O3;. Nevertheless, from
authors knowledge, the use of direct ink writing to produce composites based on non-
stoichiometric powder mixtures of Al,O3 and Y,0O3 have not yet been reported, with
the consequent absence of results related to the inks preparation and their influence on
sintering behavior and mechanical characterization.

Therefore, the objective of this work was to develop and characterize ceramic com-
posites fabricated by direct ink writing, resultant from aqueous based inks comprising a
mixture of Yo0O3 and Al,O3; powders, using CMC and PEI as organic additives. Three-
dimensional-printed structures were sintered at different temperatures and the densified
bodies characterized by crystallographic and mechanical properties.

2. Materials and Methods

Commercial Al;O3 and Y,03 powders were used as raw materials, which main
characteristics are presented in Table 1. Homogeneous powder mixture was attained by
wet ball milling in ethanol, with alumina spheres at 300 rpm for 72 h. The individual
powders and the resultant alumina-yttria mixture were characterized by particle size
distribution (LA-960V2, HORIBA Scientific, Kyoto, Japan) and X-ray diffraction, performed
in a high-resolution X'Pert PRO diffractometer (Malvern PANanalytical, Worcestershire,
UK)), acquired in a 26 range 10-80° with a step size of 0.02° /count (100 s). The identified
crystalline phases were quantified by the Rietveld full-pattern fitting method, using the
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FullProf Suite program [22]. The crystallographic patterns employed on refinement were
obtained from the Inorganic crystal structure database (ICSD).

Table 1. Characteristics of the starting Al;O3 and Y,03 powders.

Al,O3 Y>03
(CT-3000, ALMATIS) (Fine, H.C.Starck)
Chemical Composition (%)

Al,O3 99.8 Y,03 99.9

Na,O 0.03 AlL,O3 <0.03

MgO 0.040 Fe; O3 0.015

SiO; + CaO + Fe, O3 0.045 Ca (ppm) <0.5
Specific surface area (m?/g) 7.80 12.8
Density (g/cm?) 3.98 5.01

2.1. Suspension and Paste Preparation

The ink formulation started with the preparation of an aqueous suspension containing
approximately 76 wt% (42 vol %) of total amounts of solids and 24 wt% of water by dispers-
ing the powders in deionized water in the presence of 2 wt% (based on the solids amount)
of Dolapix CE64 (Zimmer and Schwartz, Lahnstein, Rheinland-Pfalz, Germany), [23,24].
The solids included a mixture of 63.9 wt% aluminium oxide (CT3000-SG, Amaltis GmbH,
Ludwigshafen, Germany), 35.9 wt% yttrium oxide (Type-FINE, H.C. Starck, Germany),
and 0.2 wt% magnesium oxide (Sigma Aldrich, Darmstadt, Germany). The suspension
was then deagglomerated in a ball milling over 24 h. To convert the suspension in a paste
with adequate properties for printing, similar types and amounts of additives selected
in a previous work for alumina-based inks were used [21,23,24]. Briefly, 0.5 wt% of car-
boxymethyl cellulose (CMC, 250,000 Mw, Colorobbia, Anadia, Portugal, based on the
amounts of total solids in suspension) was added to the suspension with 10-min homoge-
nization at 1000 rpm in a planetary centrifugal mixer (ARE-250, Thinky Co., Tokyo, Japan).
Then, 0.2 wt% of polyethyleneimine solution (PEI, Sigma Aldrich, USA, Mn~1800 and
Mw~2000, also calculated based on the total amount of solids) was added with subsequent
mixing and degassing in the planetary mixer for an additional 5 min at 1100 rpm to ensure
high homogeneity.

Suspensions and pastes were characterized by rheological properties using a Kinexus
Pro* rheometer (Netzsch, Selb, Germany). Flow measurements were evaluated in the shear
rate range of 0.1 to 1000 s ! at room temperature, using a cone-plate system (4 °C/40 mm)
with a gap of 150 um. Final properties of Al;O3-Y,03 paste were recorded by ampli-
tude sweep measurements at 1-Hz frequency in oscillatory mode, using a plate sensor
(@ =20 mm) with 1-mm gap size.

2.2. AlO3-Y,03 Samples Preparation by DIW

A DIW system (Model EBDR-A32, 3D Inks, LLC, USA, was used to print cylindrical
Al,O3-Y703 (O = 10 mm) samples (n = 12) with the as-prepared paste as feedstock material.
The paste was loaded into a 5-mL syringe (Nordson, Westlake, OH, USA), and extruded
from a nozzle with an internal diameter of 0.41 mm with printing velocity of 10 mm/s, layer
height of 0.371 mm, and room temperature of 24-27 °C, during printing. The alumina—yttria
samples were printed on a smooth alumina substrate at room temperature within a high
humidity level (~85% relative humidity). These humidity conditions were assured by
using a portable humidifier in the DIW equipment room and controlled by a humidity
measuring device. After printing, the samples were dried at room temperature with
controlled humidity for 48 h. Figure 1 presents a CAD layer deposition scheme and images
of printed and dried samples.
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Figure 1. (a) Schematic representation of filament layers deposition during 3D building; (b) printed
Al,O3-Y,03 sample; (c) after drying for 48 h.

To access the critical temperature for the thermal decomposition of the polymeric
additives added on the paste, some dried filaments were submitted to a thermogravimetric
analysis (STA300, Hitachi, Japan) with a heating rate of 1 K/min, as presented in Figure 2a.
To determine the sintering parameters, a powder mixture, with the same global composition
of the paste, was compacted (10 x 4 x 4 mm) and subjected to dilatometry tests using
a dilatometer (DIL402C, Netzsch, Selb, Germany) with a heating rate of 1 K/min. The
shrinkage was measured by linear variable differential transducer (LVDT) with sensitivity
of 0.01 mm. After this preliminary dilatometry evaluation (results described in Section 3.2),
the printed samples were sintered in a MoSi, furnace by adopting the sintering parameters
(heating rates and isothermal dwell times), as highlighted in Figure 2b.
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Figure 2. (a) Weigh loss as function of temperature of the alumina-yttria paste and; (b) Sintering cycle
adopted for densification of AlO3-Y,03 ceramic composites obtained by DIW.

2.3. Characterization of Alumina—YAG Printed Samples

Alumina-YAG sintered samples fabricated by DIW were characterized in terms of
structural and mechanical performance. Bulk density was obtained by the Archimedes
immersion method and relative density was calculated using the mixtures rule by adopting
3.98 g.cm 3 as the theoretical density value for Al,O3 and 5.46 g.cm ™~ for Y3Al501; (YAG)
crystalline phases, based on quantification accomplished by Rietveld refinement.

Crystalline phases of the sintered samples were evaluated by X-Ray diffraction (XRD)
in the same conditions used for the Al,O3-Y,03 powder mixture. The microstructure of the
printed and subsequently sintered samples was analyzed in the thermally etched polished
surface by scanning electronic microscopy (FEG-SEM SU-70 (Hitachi High-Technologies
Europe, GmbH, Krefeld, Germany). Thermal etching was evaluated by exposing the
polished samples at 1550 °C during 15 min with a ramping rate of 20 K/min. Grain size
measurements were made using an Image | open-source software (National Institute of
Mental Health, Bethesda, MD, USA) [25].
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Vickers hardness of sintered alumina—YAG samples was measured using polished
surfaces. At least 15 indentations were made in each sample with 1 kgf (9.8 N) as the
indentation load using a microhardness tester (Wilson VH1102, BUEHLER, Lake Bluff,
Mlinois, USA) and DiaMet template hardness testing software. Fracture toughness was
calculated using the following equation, proposed by Casellas [26]:

EN” P
Ki. = 0.024~(HV) T Palmqvist crack model, 0.25 < ¢/a < 2.5 (1)

where K], is the fracture toughness [MPa-m!/2], E is the elastic modulus [GPa] = 335 GPa,
HYV is the Vickers hardness [GPa], P is the indentation load [MPa], 4 is the semi diagonal of
Vickers impression [m], and [ is the crack length [m]; “c” = “a + 1"

3. Results
3.1. Characterization of the Powder’s Mixture and Rheological Behaviour of the Inks

Figure 3 presents the X-ray diffraction results and particle size distribution of the
Al,O3-Y,03 powder’s mixture. It can be observed that powders mixture exhibited a
bimodal distribution, with a highly pronounced group of submicrometric particles with
average sizes of 0.15 um and a second group with average size close to 1.0 um. Regarding
crystalline phases of the mixture, Al,O3 and Y,O3 were only detected, as expected.
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Figure 3. Characterization of the powder’s mixture: (a) particle size distribution; (b) XRD patterns.

Figure 4 shows the results of the rheological study performed on the aqueous-based
suspension of AlO3-Y;0O3 and the respective ink, as a function of the addition of PEI
and CMC. Figure 4a presents the viscosity as a function of the shear rate while Figure 4b
presents amplitude sweep measurements.
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Figure 4. (a) Viscosity versus the shear rate of Al;O3-Y,Oj3 suspensions containing 42 vol% of solids
in the absence and presence of 0.5 wt% CMC; (b) amplitude sweep of final Al;O3—Y,03 ink containing
0.5 wt% CMC and 0.2 wt% PEL
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The Al,O3-Y,03 suspension exhibited shear-thinning behaviour, indicating that it
is suitable to go ahead with the printing process. The viscosity of the base suspension
increases with the addition of CMC, maintaining the shear-thinning behaviour, as predicted.
Figure 4b shows elastic modulus (G’) and viscous modulus (G”) as a function of the complex
shear stress of the final ink (containing both CMC and PEI additives). The paste stays
stable over a wide range of applied shear stress (until around 10 Pa), indicating that the
filaments will remain mechanically stable during the printing process with enough strength
to support the weight of the successive layers [27,28]. The interception of G” with G/
means that a rupture of the gel system occurred at shear stress values higher than 10° Pa,
denotating a transition from a solid-like to liquid-like material. Moreover, elastic modulus
(G') presents values higher than 10° Pa, a good indication that the ink presents proper
viscoelastic properties for printing.

3.2. Thermal Analysis

Figure 2a suggests that gravimetric changes are observed only at temperatures up to
650 °C, as attributed to the maximum temperature for the elimination of the polymeric
or organic components presented in the initial paste ink. Figure 5 presents dilatometry
results of the Al;O3-Y,03 powder-compacted sample. It is possible to identify that the
densification process starts at 1000 °C with a maximum shrinkage rate peak observed at
1200 °C. Close to 1300 °C, a slight change in the thermal behavior is also visible (shrinkage
profile), which can be probably attributed to the phase transformation reactions in the
solid state. Al;O3 and Y,Oj3 are transformed into transient phases, such as YAIO3 (YAP)
and YAl;2O9 (YAM), which subsequently decompose to form the stoichiometric YAG
phase (Y3Alj5017) as the temperature increases [29]. To analyze the crystalline phases
presented in the temperature range where the highest shrinkage is observed in the material,
a DIW sample was examined after being thermally treated at 1200 °C and the XRD results
presented in Figure 5b. The results indicated that Al,O3 and Y,O3 were partially converted
into the YAP and YAM phases, denoting that, at this temperature, the phenomenon of the
phase transformation in the solid state occurred.
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Figure 5. (a) Dilatometry curve (room temperature — 1400 °C) referring to sintering of optimized
Al,O3-Y30; ceramic ink; (b) XRD pattern of the DIW structure sintered at 1200 °C; (b) example of a
fully sintered sample.

3.3. Characterization of the Sintered Samples

Figure 6 presents the X-ray diffraction results of the samples sintered at 1550 °C for
2 h, 1600 °C for 2 h and 1650 °C for 2 h. It can be observed that, in both sintering conditions,
only Al,O3 and Y3Al501, (YAG) crystalline phases were identified, indicating that Y,O3
presented in the initial composition. Furthermore, the intermediate phases, YAP and YAM,
observed in Figure 5, were completely converted into YAG. Thus, Al,O3-YAG composites
containing 53-58 wt% YAG and 42-47 wt% Al,O3; were obtained after sintering.
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Figure 6. (a) XRD patterns of the Al,O3-YAG sintered samples at different sintering temperatures
(1550 °C, 1600 °C and 1650 °C for 2 h holding time); (b) description of the crystallographic planes of
the Al,O3 and Y3Al501; phases.

Table 2 presents the results of relative density, Vickers hardness, and fracture toughness
of the sintered samples. It is observed that the samples sintered at the lowest temperature
(1550 °C) presented average relative density around 83.7 £ 0.8% and, consequently, the
lowest Vickers hardness values (11.6 £ 0.64 GPa). The fracture toughness values for these
samples are not presented, due to the high imprecision and low accuracy of experimental
measurements, related to the high porosity. In contrast, the samples sintered at 1600 °C
for 2 h and 1650 °C for 2 h showed satisfactory relative density results for AlOs—based
ceramics. The relative density was 95.4 + 0.4% for samples sintered at 1600 °C for 2 h
and 96.5 £ 0.5% for the ones sintered at 1650 °C for 2 h. The average hardness of the sam-
ples obtained at these two sintering conditions were statistically similar, around 14.2 and
14.5 GPa. As sintering temperatures increased, a slight increase in the fracture tough-
ness was observed, with average values of 3.34 + 0.22 MPa-m'/2 (1600 °C for 2 h) and
3.54 £+ 0.21 MPa-m'/2 (1600 °C for 2 h).

Table 2. Properties of sintered Al;O3—YAG samples obtained by DIW.

Sinte.ri.ng Relfltive Hardness cla Tﬁi:ﬁig:s

Condition Density (%) (GPa) (MPa-m1?2)
1550 °C for 2 h 83.7 £ 0.8 11.6 = 0.64 - -
1600 °C for 2 h 954 £ 04 14.2 + 0.27 221 +0.11 3.34 £0.22
1650 °C for 2 h 96.5 £ 0.5 14.5 +0.25 2.15 £ 0.09 3.54 £0.21

Figure 7 presents SEM micrographs of the composites sintered at 1600 °C for 2 h and
1650 °C for 2 h, and Figure 8 presents grain size distribution of these ceramic composites.
Micrometric grains with average grains sizes of 1.33 & 0.41ym and 1.13 = 0.39 um for AL, O3
and Y3Al;01;, respectively, were observed in samples sintered at 1600 °C for 2 h, while
ceramics sintered at 1650 °C for 2 h present grain size average of 1.64 & 0.53 um (Al,O3) and
1.46 £ 0.52 um for the Y3Al501, phase, indicting a discrete grain growth of both phases;
however, both micrographs can be considered statistically similar. Both crystalline phases
are homogeneously well distributed in the volume of the sintered material. This behavior
denotes that the mixing and homogenization of the raw materials was successfully attained
and subsequently kept in inks preparation for DIW, allowing reactive sintering results in a
refined microstructure with well-distributed distinct phases.
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Figure 7. SEM micrographs of Al,O3—-YAG composites sintered at: (a) and (b) 1600 °C for 2 h; (c) and

(d) 1650 °C for 2 h.
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4. Discussion

The technological updates observed in recent years, regarding the additive manufac-
turing of ceramic materials, enabled significant advances in microstructural development,
densification, and, consequently, the mechanical properties of final materials in general.
Low-sinterability ceramics, such as Al,O3, require special sintering techniques to obtain
high densification. Usually, the complete densification of alumina occurs at temperatures
around 1700-1800 °C under a controlled atmosphere and high steeping times. Therefore, ex-
aggerated grain growth as well as increased brittleness are common drawbacks under these
processing conditions [30-32]. To decrease the sintering temperature, one of the strategies
used to improve the relative density is adding small amounts of MgO in alumina-based
composition, which facilitates the diffusion through the grain contours during sintering
process [33]. This approach was also adopted in this work. Additionally, by using submicro-
metric or nanometric powders, the final sintering temperature can also be reduced, keeping
the compromise between densification and controlled microstructure (without exaggerated
grain growth), resulting in a material with proper hardness and fracture toughness ratio. It
is also known that a proper packing behavior between powder mixtures also improves the
rheological properties of the suspension, which helps to increase the loading of the solids
and, consequently, enhances densification [34,35].

The ink composition used in the present work to fabricate alumina—YAG parts by
DIW presents around 42 vol% of solids content, while keeping a shear thinning behavior
desirable for printing process (good flow through fine nozzles). Moreover, the high densi-
fication attained is a good indication that the ink filaments were also able to fill the void
space formed among cylindrical filaments after deposition, without losing the mechanical
integrity of the printed structure (as predicted from Figure 1), in good agreement with
statements from previous reports [23,28]. Besides inorganic solids, the complementary
fraction of the ink is composed of water and organic additives that are eliminated, during
drying and sintering processes. In this context, de-binding is a crucial step that should be
performed smoothly and gradually to avoid the creation of macroscopic pores, which are
difficult to eliminate during thermal treatment. At temperatures below 800 °C, a total elim-
ination of residual water and organic binders was verified in the dilatometry (Figure 5a). A
moderate heating rate (0.5 K/min) permitted the gradual and non-aggressive exit of these
components, contributing to the high densification of the samples.

The initial stages of the sintering process when shrinkage started to occur are usually
characterized by neck formation and the development of open porosity. The composite
Al,O3-Y;0j5 studied in the present work starts above 1070 °C, as shown in Figure 4a. At
temperatures between 1200 °C and 1300 °C, it is possible to verify the beginning of the
phase transformation process in the solid state, proven by X-ray diffraction performed on
the sample sintered at 1200 °C (Figure 5b). As a temperature range where the phenomenon
of densification and phase transformations occur simultaneously, it is considered critical
for ceramic powder systems containing Al,O3; and Y,Os; therefore, it should be well
understood and controlled. The sintering continuity at higher temperatures leads to the
formation of two main phases, namely YAG and Al,Os. At the three temperature conditions
adopted in this work (1550, 1600, and 1650 °C), the crystalline phases and their respective
proportions remained stable (Figure 6). A complete conversion of Y,0O3 into Y3Al;501; by
stoichiometric chemical reaction with the Al,O3 matrix was stated, in good agreement with
previous works [14,36,37].

The main difference observed among the three sintering temperatures adopted was
the low densification of the robocasted ceramic pieces sintered at 1550 °C for 2 h, perhaps
due to the limited sinterability of the AlO3 and YAG phases at this temperature. In fact,
the 3D structures sintered at this temperature presented high residual porosity (around
16.3%). Whereas, when sintering was carried out at 1600 °C for 2 h or at 1650 °C for 2 h, a
considerable gain in densification was noticeable (Table 2). As a consequence of that, an
average hardness values of 14.5 GPa and fracture toughness higher than 3.2 MPa-m!/2
were obtained. The literature reports Vickers hardness values in the range of 11 and
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15 GPa and fracture toughness values around 3.0 to 3.5 MPa-m!/2 [37], for similar powder

mixtures (Al,O3-Y,0O3) processed by conventional manufacturing methods and sintered at
temperatures in the range of 1600 and 1650 °C.

Thus, the mechanical properties of the AlO3-YAG samples of the current work, consol-
idated by a new advanced manufacturing technology (direct ink writing and robocasting),
are compatible to previous well stablished processes. Since a ceramic ink containing less
than 50 vol% of solids was used, the densification and mechanical performance attained
can be attributed to several factors: (i) particle size distribution and morphological charac-
teristics of the AlyO3-Y,O3 system selected; (ii) an efficient extrudable and homogeneous
ceramic ink with proper rheological properties to keep the geometry of the printed struc-
ture and concurrently fill the voids between filaments during printing process (prevent
connected inter-filament porosity), and (iii) an optimized sintering cycle based on the
interpretation of dilatometric studies.

5. Conclusions

An extrudable aqueous-based ink containing a mixture of Al;O3-Y;0j3 in a total
solid loading of 42 vol% was successfully developed for 3D printing by direct ink writing.
Through small amounts of additives (0.5 wt% CMC and 0.2 wt% PEI), it was possible to
attain ink with proper rheological performance, i.e., with the ability to flow from a fine noz-
zle and then fill the inter-filament porosity without losing the final geometry. High-density
samples were achieved by the addiction of a small amount of MgO in the initial mixture
composition, together with the optimization of the sintering step. Three-dimensional
structures with high hardness (14.2-14.5 GPa) and fracture toughness (3.34-3.54 MPa-m'/2)
values were attained by robocasting, which are comparable with the same type of materials
fabricated by traditional methods.
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