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Abstract

The aim of this work was to obtain porous ceramic parts based on Zirconia stabilized with 5mol.% Yttria (5Y-PSZ),
suitable for the infiltration with bioactive glasses, using 3D printed sacrificial polymeric molds. In a first step,
honeycomb structured molds were designed with the SolidWorks® software and manufactured by 3D printing using
polylactic acid filaments (PLA). These molds were filled with a ceramic mass composed of 5Y-PSZ nanoparticles
containing 3wt% polymeric binder and consolidated under pressure of 10MPa and then sintered at 1200 °C-30 min the
polymeric molds were consumed. The obtained hexagonal-shaped, porous 5Y-TZP bodies were infiltrated with the
bioactive glass 45S5, calcium sodium phosphosilicate, at 1350 °C. The materials were characterized by their relative
density, their phase composition by X-ray diffraction analysis, and their microstructure by scanning electron microscopy
(SEM-EDS), besides their mechanical properties of hardness and fracture toughness. Pre-sintered 5Y-PSZ substrates
exhibit relative density around 75%, and 90% after sintering and Bioglass infiltration. The samples' microstructure is
composed of a 5Y-PSZ matrix of sub-micrometric zirconia grains with an average size of 1.0 um, besides the secondary
infiltrated glassy phase homogeneously distributed, with a Ca/P ratio of 1.7, close to the ideal proportion for
hydroxyapatite formation. In conclusion, sacrificial molding is an interesting route to obtaining dense Y -PSZ/Bioglass
45S5 composite in a honeycomb format.

Keywords: Composite; 5Y-PSZ; Bioglass 45S5; 3D printing; Infiltration; Characterizations.
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Resumo

O objetivo deste trabalho foi a obtencdo de pecas ceramicas porosas a base de Zircdnia estabilizada com 5mol.% de
itria (5Y-PSZ), adequadas para a infiltracdo com vidros bioativos, utilizando moldes poliméricos sacrificiais impressos
em 3D. Em uma primeira etapa, os moldes estruturados em honeycombs foram projetados com o software SolidWorks®
e fabricados por impressao 3D usando filamentos de 4cido polilatico (PLA). Esses moldes foram preenchidos com uma
massa ceramica composta por nanoparticulas 5Y-PSZ contendo 3% em peso de ligante polimérico e consolidados sob
pressdo de 10MPa e entdo sinterizados a 1200 ° C-30 min os moldes poliméricos foram consumidos. Os corpos 5Y -
TZP porosos de forma hexagonal obtidos foram infiltrados com o vidro bioativo 45S5, fosfosilicato de célcio e sddio,
a 1350 ° C. Os materiais foram caracterizados quanto a densidade relativa, composicdo de fases por difragdo de raios X
e microestrutura por microscopia eletrénica de varredura (MEV-EDS), além de propriedades mecanicas de dureza e
tenacidade a fratura. Substratos pré-sinterizados 5Y-PSZ exibem densidade relativa em torno de 75% e 90% apds
sinterizacdo e infiltracdo de Biovidro. A microestrutura das amostras é composta por uma matriz 5Y-PSZ de gréos de
zirconia submicrométricos com tamanho médio de 1,0 um, além do infiltrado secundario fase vitrea distribuida
homogeneamente, com relagdo Ca/ P de 1,7, préxima a proporc¢do ideal para formacéao de hidroxiapatita. Em conclusao,
a moldagem sacrificial é uma rota interessante para a obtencdo de compdsito Y-PSZ / Bioglass 45S5 denso em formato
de colmeia.

Palavras-chave: Composito; 5Y-PSZ; Bioglass 45S5; Impressao 3D; Infiltragdo; Caracterizac®es.

Resumen

El objetivo de este trabajo fue obtener piezas ceramicas porosas a base de Zirconia estabilizada con 5mol.% Y'ttria (5Y-
PSZ), aptas para la infiltracién con vidrios bioactivos, utilizando moldes poliméricos de sacrificio impresos en 3D. En
un primer paso, se disefiaron moldes con estructura de panal con el software SolidWorks® y se fabricaron mediante
impresién 3D utilizando filamentos de acido polilactico (PLA). Estos moldes se llenaron con una masa cerdmica
compuesta de nanoparticulas de 5Y-PSZ que contenian un 3% en peso de aglutinante polimérico y se consolidaron a
una presién de 10 MPa y luego se sinterizaron a 1200°C-30 min. Se consumieron los moldes poliméricos. Los cuerpos
de 5Y-TZP porosos de forma hexagonal obtenidos se infiltraron con el vidrio bioactivo 45S5, fosfosilicato de calcio y
sodio, a 1350 °C. Los materiales se caracterizaron por su densidad relativa, su composicién de fases por analisis de
difracciéon de rayos X y su microestructura por microscopia electronica de barrido (SEM-EDS), ademas de sus
propiedades mecanicas de dureza y tenacidad a la fractura. Los sustratos presinterizados de 5Y-PSZ exhiben una
densidad relativa de alrededor del 75% y el 90% después de la sinterizacion y la infiltracion de Bioglass. La
microestructura de las muestras esta compuesta por una matriz 5Y-PSZ de granos de circonio submicrométrico con un
tamafio promedio de 1.0 um, ademas de la fase vitrea infiltrada secundaria distribuida homogéneamente, con una
relacién Ca / P de 1.7, cercana a la proporcion ideal para formacién de hidroxiapatita. En conclusion, el moldeo de
sacrificio es una ruta interesante para obtener un compuesto denso Y-PSZ / Bioglass 45S5 en un formato de panal.
Palabras clave: Composite; 5Y-PSZ; Bioglass 45S5; Impresion 3D; Infiltracién; Caracterizaciones.

1. Introduction

With increasing lifespan, human organs and body tissues tend to decline their functioning and, therefore, materials
compatible with the human body are developed by the so-called tissue engineering to repair or replace human’s natural materials
or organs, such as bone, cartilage, blood vessels, etc. Biomaterials are substances that can be used to replace human organs or
tissues to maintain certain body functions of an individual. The basic requirement for a biomaterial is its compatibility with the
human body environment, i.e., it doesn’t cause undesirable or inappropriate effects for the organism (Hench, 1991) (Jones et.
al., 2016) (Juraski et. al. 2021).

Three main classes of biomaterials can be distinguished: (1) bio-inert materials, which are incapable of inducing any
biological interfacial link between the implant and the host tissue; (2) bio-active materials which may interact with body tissues,
favoring processes such as the fixation of implants and regeneration of tissues and (3) bio-resorbable materials which are
gradually absorbed by the body and are replaced by new tissue in vivo (Kim et al., 2021) (Campana et. al., 2014).

In this context, the development of new materials, specifically of biocompatible composites, is of high importance in
tissue engineering, especially in the area of bioceramics and biopolymers ((Hench, 1991). Composites are formed by the union
of different materials, resulting in a new material with unique properties, or a combination of properties that starting compounds
cannot achieve. These materials can induce processes which regenerate body tissue by the transport of cell populations and

therapeutic agents, providing a structural support with mechanical properties similar to the human bone.
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Biomaterials should ideally allow the growth of new tissues at the implantation site. Among these materials,
hydroxyapatite (HA) Ca10(PO4)s(OH), stands out as a bioactive ceramic with characteristics and composition similar to human
bone. It can replace damaged hard tissues, repair bone defects in maxillofacial reconstruction and orthopedic surgeries. The
combination of calcium phosphate phases creating porous biphasic compounds results in a higher reactivity of these ceramics
and with faster responses when exposed to the physiological medium (Baino & Fiune 2018). Bioactive glasses with a composition
close to HA, such as the Bioglass 45S5®, calcium sodium phosphosilicate, (Baino et. al. 2019) are excellent candidates for the
manufacture of implantable biomaterials due to their versatility and exceptional ability to stimulate osseointegration and
osteogenesis through release of ions by dissolution (mainly silicate and Ca?* ions) promoting bone cell responses towards
regeneration and self-repair (Rahaman et. al., 2011) (Hoppe et. al. 2011) (Baino et. al., 2018). However, its low mechanical
resistance impairs its application as a monolithic biomaterial. In this context, the union of the biological properties of these
glasses with bioinert ceramics of high mechanical resistance, such as zirconia ceramics (Reveron & Chevalier, 2021) is an
attractive alternative, aiming at structural applications of medium mechanical demand.

The use of prototypes obtained by 3D printing is considered of great importance within the manufacturing processes of
new prototypes due to the speed of production, the associated low cost, and the reduction of the time spent in the analysis of the
viability of a new product developed by a new manufacturing route (Agarwala et. al., 1996) (Gibson et. al., 2010) (Karakurt et.
al., 2020) (Zhou et. al., 2004). Implants of complex geometry are often required to treat some specific trauma. Furthermore, the
surface characteristics of these parts, such as roughness, degradation rate, or bioactivity are also important. In this context, the
sacrificial molding process may contribute to an optimized fabrication of bioceramic parts with controlled surface characteristics.

Thus, the aim of this work was the creation of sacrifice molds by 3D printing, filling them with a ceramic mass based
on partially stabilized zirconia powder, and promoting the infiltration of the substrates with a considerable amount of Bioglass,

to obtain dense materials with the favorable biological response.

2. Experimental Procedure
2.1 Materials

In this work, a nanoparticulate zirconia powder stabilized with 5 mol% Yttria, ZrO,-Y 03, TOSOH-Smile (Japan), with
a particle size of 90 nm and containing 3wt.% polymer binder, was used to fabricate the ceramic substrates. These materials
present high hydrothermal degradation resistance (Camposilvan et. al., 2018) comparing with traditional 3Y-TZP tetragonal
zirconia ceramics (Guo & He, 2003). The glass used for the substrates' infiltration was a bioactive glass named as Bioglass 45S5

(Baino &Fiune 2019), whose processing details are described below.

2.2 Processing
2.2.1 Glass synthesis

Bioactive glass (45 SiO2-24.5 CaO - 24.5 Na,O — 6 P,Os in wt.%) was produced by melting reagents (analytical grade
powders of SiOz, CaCOs, Na,COs, and Caz(PQa)2, Sigma - Aldrich) in a platinum crucible at 1500 °C, for 1h in air, using a
heating rate of 5 °C/min. The molten material was quenched in deionized water to obtain a frit, which was ground using a mill

with jars and spheres of alumina and passing through a 400 mesh sieve.

2.2.2 Fabrication of sacrifice molds by 3D printing.
The molds in the form of hexagonal colonies (Figure 1) with an internal wall thickness of 0.75 mm were designed using

the SolidWorks® software. Then, the drawing in a "* stl" file was inserted into the CURA® software. The 3D printing of the
3
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molds was performed on a Tevo Tarantula Pro printer, using polymeric filaments based on 3DFILA polylactic acid (PLA) with
a nominal diameter of 1.75 mm (density: 1.04 g/cm3; melting temperature: 200 — 230 °C) and the following print parameters:
0.2 mm Layer Height, Number of Upper and Lower Layers = 1, Fill Orientation: Honeycomb, Extrusion Temperature: 170 °C,
Table Temperature: 50 °C, Cooler Speed: 100% and Print Speed: 30 mm/s.

Figure 1 — Drawing created in SolidWorks software (a) and polymeric molds fabricated by 3D

I

printing (b and c).

@

Source: Authors.

2.2.3 Fabrication of Bioglass infiltrated Y-PSZ composites
A paste of the zirconia ceramic powder containing binder was prepared by adding isopropyl alcohol. The printed molds
with hexagonal colonies were filled with this paste, as shown in Figure 2. Then, its metallic base of tempered steel with

approximately 5 kgf was positioned on top of the mold to carry out a pre-compaction.

Figure 2 - a) Filling the mold with the ceramic powder, b) accommodation and application of isopropyl alcohol, ¢) completion

of the molding step, and d) 5Y-PSZ substrates after firing and removal of the sacrificial polymeric mold.
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d)

Source: Authors.

The compacted samples were heat-treated in an F1350-MAITEC oven, aiming to consolidate the cells and extract the
polymer present in the mold. The cycle was: heating up to 350 °C, with a heating rate of 1 °C/min and holding for 120 minutes,
heating up between 350 °C and 1200 °C (5 °C/min) and holding also for 120 minutes, followed by a controlled cooling at a rate
of 10°C/min. The relative densities of the porous 5Y-PSZ cells (substrates) were determined geometrically.

The Bioglass powder was mixed with polyethylene glycol (Mn = 400 g/mol), and a thick layer of this paste was put
onto the surface of the 5Y-PSZ colonies, as shown in Figure 3. Then, the glass paste was left to rest for 60 min, and later the
samples were subjected to densification/infiltration using the following cycle: * Tamb. - 150 °C (5 °C/min) 30 minutes; * 150 -
1100 °C (3 °C/min) 60 minutes; * 1100 - 1350 °C (1 °C/min) 60 minutes; * 1350 °C - Also 2 °C / min. Comparatively, 5Y-PSZ
substrates without infiltrated Bioglass were also densified under the same conditions.

Figure 3 - a) preparation of the Bioglass 45S5 paste; b) deposition of the Bioglass paste on the surface of the 5Y-PSZ pre-

sintered ceramics.

porous 5Y-PSZ subtract deposition of Bioglass paste on the 5Y-  Bioglass infiltration of the porous
PSZ subtracts subtract and shrinkage

Source: Authors.

2.3 Characterization

After sintering (infiltration), densification was evaluated by their density measured using the immersion method based
on Archimedes principle, with a precision scale Discovery Ohaus, following ASTM C373-88 standard.

Phase analysis of the starting powders and the sintered samples was carried out by X-ray diffraction (Panalytical
Empyrean Diffractometer, Cu-Ka radiation, A = 0,15443nm, 45 kV), step size = 0.05° and of 5s exposure per position. The
phases were identified by comparison with the JCPDS file, using the program Match! 2, Crystal impact.

The starting powder and sintered samples were observed by scanning electron microscopy (JEOL 7100FT) with a

coupled EDS detector (Oxford X-Max 80 mm?). For the microstructural evaluation, polished and original surfaces were analyzed.
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The polished surfaces of monolithic 5Y-TZP samples were thermally etched at 1350 °C-15 min, and a thin layer of gold was
deposited using K550X (Quorum Technologies-UK) metallizer, with a current of 30 mA for 2 minutes. The SEM micrographs
were processed using an image analyzer. The grain size distribution was obtained considering the Feret diameter, at least 500
grains were measured.

Vickers hardness was measured by the indentation method (ASTM C1327-15) using a Vickers microhardness tester
(Model TIME F100, China) with a load of 500 gF applied for 30 seconds. Twenty indentations were applied on each sample,

considering cross-section of the infiltrated or sintered samples. The fracture toughness was calculated according to Equation (1):

L

1/2
K,c = 0.016 (Hiv) =7 @)

where: K¢ = fracture toughness [MPa.m'?], E = modulus of elasticity [GPa], HV = Vickers hardness [GPa], L = indentation

load [MN], C = average crack length [m].

3. Results and Discussions
3.1 Characterization of raw materials

Figure 4 shows an SEM micrograph and the X-ray diffraction pattern of the zirconia powder used in this work.
According to manufacturing, this powder exhibits an average particle size of 90 nm, is sintered usually at a temperature around
1500 °C and is bioinert. Furthermore, to facilitate compaction, the powder contains about 5% of polymer binder. It is possible
to observe that spherical agglomerates are formed due to the polymer binder added during its manufacture by spray-drying. The
XRD diffractogram indicates that the powder is composed of monoclinic and tetragonal+cubic ZrO; as crystalline phases. The
tetragonal+cubic ZrO; phase content is approximately 38%, while the monoclinic phase content is about 62%.

Figure 5 presents characterization results of the Bioglass powder. From the SEM micrograph (Fig 5 (a)), particles
smaller than 80 um and irregular shapes, typical of a brittle material, are identified. The X-ray diffraction pattern (Fig 5 (b))
shows an amorphous material profile with some defined crystallization peaks. Furthermore, Figure 5(c) presents chemical
analysis by EDS, where the presence and distribution of Si, Na, Ca, and P, in addition to O, can be observed. Ca and P are the
main components of hydroxyapatite, and a stoichiometric ratio of 1.71 enables the formation of tissues similar to human bone

(Daguano et. al. 2013), depending on the controlled degradation time.
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Figure 4 - a) SEM micrograph and b) X-ray diffraction of the Zirconia starting powder.
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Figure 5 - a) SEM and b) X-ray diffraction pattern of the bioglass powder.; ¢) EDS chemical analysis of Bioglass particles.
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3.2 Characterization of sintered bodies
The pre-sintering process at 1200 °C resulted in Zirconia hexagonal ceramic cells with a relative density close to 73-
75% of the theoretical density. In general, the samples maintained the original geometry of the mold created by 3D printing, see
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Figure 6. The PLA mold evaporates during firing in a small temperature range between 330 - 395°C and preferably evaporates
through the interconnected pores of the ceramic matrix, without leaving residues remaining on the ceramic substrate. After the
pre-sintering process, having eliminated the polymer sacrificial mold, the ceramic substrates exhibit sufficient mechanical
resistance for their handling. For further investigation, the pre-sintered substrates were divided into two groups: one for
characterization and the other for the infiltration with glass to produce the desired Y-PSZ/Bioglass 45S5 composites.

Figure 6 - Sintered (white) and infiltrated (gray) 5Y-PSZ samples.

—

i, g

(b) (c)

Source: Authors.

Figure 7 shows X-ray diffractograms of the Bioglass (a), the substrate (b), and the infiltrated substrate (c). The X-ray
patterns of both, only sintered and the sintered and infiltrated substrates, are similar, showing cubic and tetragonal ZrO; as crystal
phases, Figure 7 (b-c). The infiltration of the substrates at 1350 °C did not promote the crystallization of the Bioglass 45S5,
despite literature pointing to this possibility (Prasad et. al. 2017) (Baino & Fiume, 2019). The presence of the amorphous phase
may have occurred due to the slow crystallization kinetics or due to the small number of crystal phases formed, being below the
detection limit of the diffractometer used. The crystal phase composition of the infiltrated samples was composed of
approximately 55% of the tetragonal phase (t +t " - ZrO) and still 45% of the cubic phase (c -ZrO,), forming a duplex structure
of zirconia grains. Furthermore, it has also been noted that the monoclinic ZrO, phase detected in the starting powder (see Figure

4) was fully converted into the cubic and tetragonal phases during the sintering/infiltration process at 1350 °C.
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Figure 7 - X-ray diffractograms of a) Bioglass 45S5 powder; b) 5Y-PSZ substrate sintered at 1350 °C without infiltration and
) 5Y-PSZ substrate infiltrated with Bioglass.
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Figure 8 shows the microstructural characteristics of the zirconia substrates infiltrated with Bioglass and an EDS

analysis of the element distribution.

Figure 8 - SEM micrographs of samples sintered from 5Y-PSZ and infiltrated with Bioglass 45S5: a) fracture surface; b) typical

zirconia microstructure after sintering at 1350 °C-2h and ¢) EDS mapping of the infiltrated specimen with Bioglass.

(@) (b)
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From the SEM micrographs shown in Fig. 8, it can be observed that the zirconia substrate is composed of equiaxed
grains with an average size in the order of 1 pum and, from the fractured surface, an intergranular fracture mode of the matrix can
be observed. Furthermore, a population of smaller grains, in the order of 0.5 - 0.7 um corresponding to the tetragonal phase can
be noted which are surrounded by grains larger than 1 pum, referring to the cubic phase, in agreement with previous results
reported in the literature (Amarante et. al., 2018) (Alves et. al., 2021). This fine-grained microstructure results from the low
sintering/infiltration temperature used, reducing the diffusion of Zirconia and preventing excessive grain growth. Figure 8(c)
shows the EDS mapping of the zirconia substrate infiltrated Bioglass 45S5. The presence of all original constituents used in the
manufacture of the Bioglass is verified and the contents analyzed are consistent with the nominal composition.

Zirconia ceramics partially stabilized with 5 mol% yttrium, 5Y-PSZ, present a significant advantage over traditional
tetragonal Zirconia stabilized with 3 mol% yttria, 3Y-TZP, as they are more resistant to hydrothermal degradation in body fluids
and therefore more appropriate for use as prostheses or implants. The hydrothermal degradation, which consists of the formation

10
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of yttrium hydrides by the reaction of H,O with Y** at the surface of the material and grain boundaries, destabilizes the tetragonal
ZrO; phase grains, transforming them into monoclinic ZrO,, with the result of generating microcracks at the grain boundaries,
with a consequential loss of the mechanical resistance (Guo & He, 2003). However, the destabilization of the cubic (c-ZrO>) or
the pseudo-tetragonal (t " - ZrO,) grains, or simultaneously of both (t + c), is more complex, due to the characteristics of the unit
cell, the activation energy of the t—m transformation and due to shear stresses, resulting from the atomic organization of these
phases. Therefore, the 5Y-PSZ material is more stable against hydrothermal degradation, maintaining the toughening
characteristics of the tetragonal ZrO, grains and guaranteeing its high mechanical resistance. In the case of the 5Y-PSZ / Bioglass
composite developed in this study, the vitreous phase formed by the Bioglass 45S5 must behave as a vector for the biological

responses of the material, and the zirconia matrix must remain inert during its use as a biomaterial.

3.3 Mechanical properties

Table 1 presents Vickers hardness and fracture toughness of the sintered and the sintered and infiltrated substrates.

Table 1 - Properties of monolithic 5Y-PSZ ceramics sintered at 1350 °C-2h and 5Y-PSZ / Bioglass infiltrated composites.

Material Relative density (%) | Vickers hardness (HVsoogr) Fracture toughness (MPa.m?)
5Y-PSZ 88.5+0,6 752 + 58 25+05
5Y-PSZ/Bioglass 92.3+0,6 965 + 36 41+04

Source: Authors.

The monolithic zirconia substrates reached a relative density of 88.5%, reflecting the processing conditions adopted in
this work. The low consolidation pressure associated with the sintering temperature of only 1350 °C-2h did not allow complete
elimination of the porosity present in the pre-sintered compacts and, therefore, a residual porosity greater than 10% was observed.
These characteristics are also reflected in the hardness and fracture toughness, in the order of 752 HV, and 2.5 MPa.m*?, inferior
to about 1200 HV and 5 MPa.m¥? observed in similar, dense materials sintered at 1500 °C (Amarante et. al., 2018) (Alves et.
al., 2021). On the other hand, the infiltration with Bioglass, leads to an increase in the relative density to more than 92% and
higher hardness and fracture toughness. The glass filling the voids of the residual porosity of the substrates pre-sintered at
1200 °C improves hardness and fracture toughness. As an apparent volume of the substrate greater than 20% is occupied by the
infiltrated glass, the hardness of the composite materials is less than 1200 HV, usually found in the literature. However, the
fracture toughness is promising and is due to the toughening mechanisms by t—m of the tetragonal grain population of the
material and also due to residual thermal stresses generated by the difference in the thermal expansion between Zirconia and the
super-cooled glass that percolates the zirconia grains in the infiltrated material. Thus, from a structural point of view, this material
has promising mechanical and physical properties for biofunctional applications; however preliminary biological tests such as

in vitro cytotoxicity and bioactivity must be carried out to validate this composite.

4. Conclusions

Creating polymeric sacrifice molds by 3D printing allows the creation of molds of medium geometric complexity, which
proved to be efficient for the manufacture of zirconia ceramic parts partially stabilized with yttria (5Y-PSZ). Substrates with a
relative density of 78.5% were obtained by pre-sintering at 1200 °C. The infiltration of the porous substrates with Bioglass 45S5
was conducted at a temperature of 1350 °C-2h. During this process occurred also bulk densification (>92%), crystallization of

the tetragonal and cubic ZrO; phases, resulting in a Vickers hardness and fracture toughness of 965 HV and 4.1 MPa.m*?,

11


http://dx.doi.org/10.33448/rsd-v10i7.16920

Research, Society and Development, v. 10, n. 7, 57510716920, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i7.16920

respectively. These mechanical properties are sufficient for structural, biological applications. This composite is promising for
biological responses of bioactivity, however specific tests have to be carried out to validate the material in cellular environments.
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