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Zirconia and alumina are well known bioceramics, used in the field of
orthopedics. These materials have been used as hip and knee
bearings thanks to their reduced wear rate and excellent
biocompatibility. However, these ceramics presented some
limitations: the brittleness of alumina and the aging sensitivity of
zirconia. The aim became to develop long-lasting hip implants, with
less inflammatory response and better designs. Zirconia alumina
composites were then studied. In this study, three different grades of
alumina toughened zirconia composites (ATZ) from 80 wt% to 90 wt%
of zirconia, and three grades of zirconia toughened alumina (ZTA)
from 80 wt% to 90 wt% of alumina were developed. Two different
types of stabilized zirconia were used: 3 mol% yttria stabilized
zirconia (3YSZ) was applied on the ATZ samples, and a 2 mol% yttria
stabilized zirconia (2YSZ) on the ZTA samples. The ATZ with the best
set of properties (80Z20A) was also tested with the 2YSZ, in order to
produce a composite with improved mechanical properties and similar
aging resistance to the ATZ with 3YSZ.

Two selected additives, lanthanum oxide and tantalum pentoxide
were added to the best ATZ and ZTA composite (80:20 composition)
with the aim of enhance the aging resistance and mechanical
properties of the produced materials.

After a wet milling stage, the composite powders were achieved by
spray-drying, from stabilized suspensions with a controlled
nanometric particle distribution. The obtained composite powders
were characterized through several techniques, such as scanning
electron microscopy, X-ray diffraction, X-ray fluorescence, true
density and specific surface area. Two stages of pressing, uniaxial
pressing and cold isostatic pressing, were performed in order to
improve the density of the green pieces. High density ceramics (with
a relative density between 97% and 99%) were achieved with a low
sintering temperature (1400°C). The grain size of the sintered pieces
was determined by SEM, and X-ray diffraction was performed in order
to verify the present crystallographic phases. A disperse
microstructure was obtained for all composites, with a nanometric
grain size (under 500 nm). This set of producing stages, lead to the
obtention of composites with enhanced mechanical properties. The
Vickers Hardness, fracture toughness and flexural strength of the
sintered samples were evaluated. Higher values of fracture
toughness and flexural strength were achieved for the ATZ samples
(up to 5 MPa.m"? and 1394 MPa respectively), while ZTA samples
presented higher values of hardness (up to 1846 HV). As expected,
the ATZ with 2YSZ presented enhanced mechanical properties, with






an outstanding fracture toughness of 7.94 MPa.m"?, and 1498 MPa
of flexural strength. The addition of the two dopants to both ZTA and
ATZ composites induced changes in their properties. The addition of
Ta,0s successfully improved the mechanical properties of both
composites. In comparison with the undoped ATZ and ZTA
composites, improvements of the hardness, fracture toughness and
flexural strength were verified. The addition of La,0O3 did not lead to
an enhancement of the mechanical properties; however, it did not led
to a deleterious effect either, and these properties were maintained.
Accelerated aging tests were made on all produced composites,
accordingly to 1SO13356 (2008). The amount of monoclinic zirconia,
which is an indicator of degradation on these composites, was
quantified by X-ray diffraction analysis for 5,12,24,48 and 96 hours of
aging tests. It was determined that, the undoped ZTA samples did not
present monoclinic zirconia after 96 hours on an aggressive
environment. Regarding the ATZ composites, even though the
monoclinic zirconia content increased proportionally to the zirconia
content present in the composite, it was found that the extent of
degradation was minimal, since it was relegated to the material
surface. This fact allowed the maintaining of the mechanical
properties of the material throughout all the duration of the aging
tests. As expected, the less stable composite, the ATZ with 2YSZ,
presented the highest content of monoclinic zirconia. Nonetheless,
the mechanical properties tested on the aged composite confirmed
that the degradation did not expand to the material bulk. The addition
of both dopants, successfully improved the aging resistance of the
ATZ composite, presenting a lower amount of monoclinic zirconia
after 96 hours of aging tests in comparison with the undoped ones.
However, the addition of Ta,Os destabilized the 2YSZ present on the
ZTA composites, and 10% of monoclinic zirconia was detected after
96 hours of aging tests. Still, the mechanical properties were
maintained on all the doped composites, which again confirmed the
presence of degradation only at the material surface.

The biocompatibility of these composites was also tested. MG63 cells
were seeded on the sintered samples and MTT and alkaline
phosphatase activity (ALP) assays were performed. The cell
viability/proliferation increased significantly from day 1 to day 4 for alll
the produced composites. The ZTA composites, with more anchorage
sites, presented higher cell adhesion and proliferation in comparison
with the ATZ composites. The addition of La,O3; and Ta,Os did not
induced significant changes on the cell viability of the ATZ
composites. However, the addition of Ta,Os on the ZTA composite
led to a poor performance, due to its verified hydrophobicity.

The present study shows that optimal compositions of these
composites can be achieved, with improved mechanical properties,
hydrothermal degradation resistance and satisfactory biocompatibility.






palavras-chave

resumo

Zirconia, Alumina, Y-TZP, Zirconia Toughened Alumina, Alumina
Toughened Zirconia, Cabecas Femorais, Artroplastia da Anca.

Zirconia e alumina sao bioceramicos bastante conhecidos, e sao
usados principalmente em aplicacdes ortopédicas. Estes materiais
tém sido aplicados em implantes de anca e joelho gracas a reduzida
taxa de desgaste e a excelente biocompatibilidade que apresentam.
No entanto, estes ceramicos apresentam também algumas
limitacBes: a fragilidade da alumina ao impacto e a sensibilidade da
zircénia ao envelhecimento. Devido a estas limitagBes, o objectivo
passou por desenvolver implantes mais resistentes e com uma
resposta inflamatéria menos intensa. Surgiram, entdo, estudos de
compositos de zircénia e alumina. Neste estudo, foram
desenvolvidas trés diferentes composi¢ces de Alumina reforcada
com Zirconia (ZTA) com 80 wt% a 90 wt% de alumina, e trés
composic¢des de Zirconia reforgada com Alumina (ATZ) com 80 wt%
a 90 wt% de zirconia. Foram usados dois tipos diferentes de zirconia
estabilizada: zircoénia estabilizada com 3 mol% de yttria (3YSZ) que
foi usada nos compdsitos ATZ, e zircénia estabilizada com 2 mol%
de yttria (2YSZ) aplicada nos compdsitos ZTA. A composi¢cdo ATZ
com o melhor conjunto de propriedades foi também testada com a
zirconia 2YSZ, de forma a produzir um compdésito com melhores
propriedades mecanicas e uma resisténcia a degradacédo semelhante
a apresentada pelo compdésito ATZ, com a zircénia 3YSZ.

Foram seleccionados dois aditivos, 6xido de lantanio e pentéxido de
tantalo, que foram depois adicionados aos compdsitos ATZ e ZTA
com o melhor conjunto de propriedades (composi¢cdo 80:20), com o
objectivo de melhorar a resisténcia ao envelhecimento e as
propriedades mecénicas dos materiais produzidos.

ApGs uma etapa de moagem, os pés compositos foram obtidos por
atomizacdo, a partir de suspensdes estabilizadas, com uma
distribuicdo de tamanho de particula nanométrica controlada. Estes
pés foram caracterizados através de varias técnicas tais como
microscopia electronica de varrimento, difraccdo de raios-X,
fluorescéncia de raios-X, densidade real, e &rea superficial
especifica. De forma a aumentar a densidade dos corpos em verde,
foram efectuadas duas diferentes prensagens, prensagem uniaxial e
prensagem isostatica a frio (CIP). Foram obtidos cerdmicos com uma
elevada densidade (com densidade relativa entre 97% e 99%) a uma
baixa temperatura de sinterizac&o (1400°C). O tamanho de gréo das
amostras sinterizadas foi observado por SEM e, de forma a verificar
as fases cristalogréficas presentes, foi realizada difrac¢éo de raios-X.
Em todos os compdésitos foi obtida uma microestrutura dispersa, com
um tamanho de grdo nanométrico (abaixo dos 500 nm). Este
conjunto de etapas de produc¢do aplicado levou a obtengéo de






compositos com propriedades mecéanicas melhoradas. Foram
estudadas a dureza de Vickers, a tenacidade a fratura e resisténcia a
flexdo das amostras sinterizadas. Os compa@sitos ATZ atingiram 0s
melhores valores de tenacidade a fractura e resisténcia a flexdo
(acima de 5 MPa.m'? e 1394 MPa respetivamente), enquanto 0s
compositos ZTA apresentaram os melhores valores de dureza (acima
de 1846 HV). Como era esperado, o compdsito ATZ com zircOnia
2YSZ apresentou melhores propriedades mecéanicas, tendo sido
obtidos 7.94 MPa.m'? de tenacidade & fratura e 1498 MPa para a
resisténcia a flexdo. A aplicacdo dos dopantes nos compdésitos ZTA e
ATZ induziram alteracdes nas suas propriedades. A adicdo de Ta,Os
melhorou, com sucesso, as propriedades mecéanicas dos dois tipos
de compdsitos. Foi verificado um aumento dos valores de dureza,
tenacidade a fratura e resisténcia a flexdo em relagcdo as amostras
sem dopantes. A adicdo de La,O; ndo levou a melhorias nas
propriedades mecanicas mas, no entanto, também ndo teve um
efeito prejudicial, o que levou a sua preservagédo. Foram realizados
testes de envelhecimento de acordo com a norma 1SO13356 (2008)
em todos os compoésitos produzidos. A quantidade de zirconia
monoclinica, indicador de degradacéo, foi determinada por difraccédo
de raios-X apos 5,12,24,48 e 96 horas de testes de envelhecimento.
Foi determinado que o0s compésitos ZTA ndo dopados, nao
apresentaram zircénia monoclinica apés 96 horas em ambiente
agressivo. Para os compositos ATZ, apesar de a quantidade de
zirconia monoclinica aumentar proporcionalmente ao contelddo de
zirconia presente no compésito, foi verificado que a extensdo da
degradacdo foi minima, e relegada apenas para a superficie do
material. Esta evidéncia permitiu que as propriedades mecanicas se
mantivessem durante todo o periodo dos testes de degradacao.
Como era esperado, o compésito com a zircOnia menos estavel, o
ATZ com a zircOnia 2YSZ, apresentou o conteddo mais elevado de
zircénia monoclinica. No entanto, o facto de as propriedades
mecéanicas se manterem ao longo dos testes de degradacéo,
confirmou que a degradacéo, mais uma vez, ndo se expandiu para o
interior do material. A adi¢cdo dos dois dopantes levou a melhorias na
resisténcia a degradacéo dos compositos ATZ, que apresentaram um
conteudo de zirconica monoclinica menor em comparagdo com as
amostras ndo dopadas, ap6s 96 horas de testes de degradacdo. No
entanto, a adicdo de Ta,Os teve um efeito desestabilizador na
zirconia 2YSZ presente no compoésito ZTA, sendo que foi detectada
10% de zirconia monoclinica apés as 96 horas de testes de
degradacdo. De novo, foi confirmado que esta degradacédo esteve
presente apenas a superficie do material, visto que as propriedades
mecanicas se mantiveram apos estes testes. Foi também testada a
biocompatibilidade destes compoésitos. Células MG63 foram
cultivadas nas amostras sinterizadas e foram realizados ensaios MTT






e ensaios de atividade da fosfatase alcalina. Para todos os
compésitos produzidos foi verificado que a viabilidade/proliferacéo
celular aumentou significativamente desde o dia 1 para o dia 4. Os
compésitos ZTA, que possuiam um maior nimero de locais de
adesdo, apresentaram uma maior adesao e proliferacdo celular, em
comparagdo com 0s compositos ATZ. A adicdo de La,O3 e Ta,Os
nao induziu diferencas significativas na viabilidade celular dos
compositos ATZ. No entanto, no compdésito ZTA, a adi¢do de Ta,Os
levou a um pior desempenho devido a sua verificada hidrofobicidade.
O presente estudo mostra que podem ser obtidas composicbes
Optimas destes compositos, com excelentes propriedades
mecanicas, resisténcia a degradacdo e biocompatibilidade
satisfatoria.
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1. Introduction

Biomedical implants have been widely studied and new devices were designhed to
restore a body function that was deteriorated by a trauma or degenerative disease.
Ceramic implants soon caught the attention of various authors because of their
biocompatibility and chemical stability.

Zirconia and Alumina are well known bioinert, inorganic oxides. Their good
mechanical properties brought new insights to the world of biomaterials, especially, in the
development of new restorative devices. These materials have also been used as hip and
knee bearings, which are load-bearing applications. Some properties like reduced wear
rate (in comparison to metal alloy structural implants) and excellent long term
biocompatibility, turn these materials into excellent candidates to be used in orthopedic
applications [1], [2].

Alumina was the first oxide to be used in these applications, back in 1970, in the first
ceramic total hip replacement bearing. Pierre Boutin was the first to describe the low rates
of friction of these all ceramic bearings, and the first implant was developed and implanted
in collaboration with Daniel Blanquaert from Ceraver Inc [3]. Alumina-alumina bearings
presented other various beneficial properties such as biological safety (on both bulk and
wear debris), stiffness, corrosion resistance and long term stability, that lead to a reduced
rate of aseptic loosening and osteolysis. Osteolysis due to metallic wear debris was a
concerning problem on metal couplings, that subsequently lead to a major bone loss and
consequent loosening of the implant [4]. Due to these beneficial effects, alumina quickly
became the most widely used ceramic in total hip arthroplasty.

However, early clinical evaluation showed a high fracture rate on these ceramic
devices, due to slow crack growth that, eventually, led to failure [2]. Some efforts were
made to produce fully densified alumina, like using high purity raw powders with a narrow
grain size distribution and applying different sintering methods, such as hot isostatic
pressing (HIP) [5]. Nevertheless, these devices still presented brittleness, and became
unreliable.

The objectives changed, and it was important to increase the strength, flexibility and
therefore the reliability of these implants. So, to overcome this brittleness and the

consequent potential failure presented by alumina implants, zirconia femoral heads were
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introduced twenty years later. The first paper concerning the use of zirconia ball heads for
total hip replacement was published in 1988 [6], and the approval of the Food and Drug
Administration arrived in 1989.

This oxide exhibits good chemical stability, toughness, mechanical strength and a
Young’s Modulus value similar to stainless steel alloys, which created an increasing
interest in using it as a biomaterial [6]. In addition, its properties are superior to those
presented by alumina, being possible to design smaller hip implants (like the 22.22 mm
diameter femoral heads) and knee joints, which was not possible with alumina, due to a
lack of adequate reliability [7].

Zirconia presents a mechanism of phase transformation toughening, which highly
increases its fracture toughness and strength (showing a high crack propagation
resistance) [2], [6], [8]. This mechanism consists in a stress induced phase transformation,
in which metastable tetragonal zirconia is converted into the monoclinic phase at the crack
tip [9]-[12]. Due to this transformability, tetragonal zirconia can be very unstable and
transform into the monoclinic phase, leading to the degradation of the implant. In order to
retain the tetragonal phase, some suitable stabilizers were added to this oxide. The
commonly used stabilizer is yttrium oxide (Y,0s3) and the frequently used biomedical grade
zirconia contains, typically, 3 mol% yttria [6], [7].

However, these zirconia devices undergo Low-Temperature Degradation. This effect
mostly causes loss of strength and micro-cracking in the presence of water, that occurs
from room temperature up to 400°C [7], [13], which causes big concerns related to the
human body temperature and sterilization of these devices.

In fact, from 1999 to 2001, St.Gobain Desmarquest, a major manufacturer of these
devices, requested a worldwide recall of selected batches, because of their degradability
that consequently lead to high fracture rates in vivo [8], [14], [15] (Figurel.1).

(a) (L]

Figure 1.1 — Reconstitution of the fractured zirconia ball head (stabilized with 3% mole fraction of
yttria) (a) Top view (b) Lateral view, from [16].
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The fracture on these implants was originated by the tetragonal to monoclinic
transition detected on the surface, microcracking, nucleation and growth that occurred on
the low density parts of the material core. These low density parts are created by the
presence of the monoclinic phase (which presents a lower value of density) that, under
exposure to physiological wet environment and cycling loading are more susceptible to
aging [16], [17].

Thus, although zirconia implants presented optimum biological safety, and
enhanced strength, there were still problems to be solved: its low hardness, the risk of
degradation, and the critical manufacturing process.

A demand for a new material had risen, with the combined properties of alumina and
zirconia. This new material should present both zirconia and alumina biocompatibility, the
strength of zirconia, the long time in vivo stability of alumina and a flexible design to allow
the production of bigger ball head necks and diameter, and thinner ceramic inserts. These
new designs would help to pursue the demand for total hip replacement bearings for more
young and active patients. Therefore, pursuing the overcoming of these limitations, new
zirconia-alumina composites started to be widely investigated.

Basically, these composites show less sensibility to aging than zirconia, and higher
fracture toughness than alumina. On the other hand, in comparison with the alumina-
alumina bearings, the strength of the implant increased thanks to an increase in density
and reduction of alumina grain size (since the presence of zirconia controls its grain
growth) [10], [12]. The combination of alumina with an intrinsically tough ceramic such as
zirconia, gave rise to a new age of new ceramic implants.

There are two different composites according to the two possible compositions: if
the composite has a richer side of alumina, a Zirconia-Toughened Alumina (ZTA)
composite is presented. On the contrary, if the composite contains a richer side of
zirconia, we are in the presence of an Alumina-Toughened Zirconia (ATZ) composite [1].
With both composites higher values of strength, hardness and toughness, than those of
the mono-phase oxides can, in fact, be achieved [2], [9], [18].

Since it was approved by Food and Drugs Administration, on June 2003, ZTA
composites were widely used in total hip arthroplasty. Nowadays, various compositions
are created, and the addition of other stabilizers and dopants, like CeO, or MgO, have
been widely studied [7]. Still, the ability to tailor the microstructure of these composites is
essential to accomplish the requirements of biomedical materials, and to produce devices
with higher success rates, that can be applied to a younger population, with higher life

expectancy.
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1.1 Objectives

The main goal of this study was to develop and characterize various grades of
zirconia alumina composites (zirconia toughened alumina (ZTA) and alumina toughened
zirconia (ATZ)) for orthopedics implants, using both 2 mol% Yttria Stabilized Zirconia
(YSZ), and 3 mol% Yttria Stabilized Zirconia, provided by INNOVNANO.

The various compositions were defined on the basis of the results presented by
several authors [2], [10]-[12], [19]{21].

The ZTA composites were produced by varying the Zirconia amount. Three different
composites were defined:

e 10 wt% of ZrO, and 90 wt% of Al,Og;
e 15 wt% of ZrO, and 85 wt% of Al,Og;
e 20 wt% of ZrO, and 80 wt% of Al,Os.

Also, three ATZ composites were made. In this case, the amount of alumina differs
on each composite:

e 10 wt% of Al,O; and 90 wt% of ZrOy;
e 15 wt% of Al,O; and 85 wt% of ZrOy;
e 20 wt% of Al,O3; and 80 wt% of ZrO,.

For the ZTA composites (which have the higher amount of alumina), the 2 mol%
yttria stabilized zirconia was used, in order to take advantage of the stabilizing effect
presented by the alumina matrix. Regarding the ATZ composites, the 3 mol% Yttria
Stabilized Zirconia was used. In this case, where the composite presents a zirconia
matrix, destabilization of zirconia is more likely to occur, so this zirconia with a higher
amount of stabilizer was used.

Some characteristics of produced composites were analyzed on the basis of the ISO
standard 13356 (2008): Implants for surgery — ceramic materials based on yttria-stabilized
tetragonal zirconia (Y-TZP) [22]. Mechanical tests for hardness, fracture toughness and
flexural strength were performed. Aging tests were made on the composites, in order to
evaluate their resistance to hydrothermal degradation. Biocompatibility tests were also
executed.

A research study was accomplished and two additives, tantalum pentoxide (Ta,Os)
and lanthanum oxide (La,O3) were tested alongside with the ZTA and ATZ composition
with better mechanical properties and aging resistance. The dopants were selected in

order to provide enhancements on the mechanical properties and Low Temperature
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Degradation Resistance. Aging, mechanical and biocompatibility tests were performed in
order to fully characterize these composites.

The ATZ composite with the better set of results was also tested using in its
composition the less stable zirconia (2 mol% Yittria Stabilized Zirconia) in order to
compare the two stabilized zirconias (2 mol% Yttria Stabilized Zirconia and 3 mol% Yttria
Stabilized Zirconia) regarding their mechanical properties and aging resistance and
therefore inquire on the role of the yttria amount on the properties of these composites.

1.2 Document Structure

This document consists of five chapters. The first chapter addresses the interest and
objectives of this project. In the second chapter, the literature review about zirconia-
alumina composites including their requirements to be used as a suitable material for
orthopedic implants is presented to build up a better understanding in this area. The third
chapter presents the experimental procedure describing all the characterizations
techniques and tests executed during this project. In the fourth chapter, the experimental
results achieved will be presented and analyzed. Finally, in the fifth and last chapter, the
main conclusions alongside with the plan of future developments and recommendations

are presented.
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2. Literature Review

2.1Properties of zirconia composites

Zirconia can be found in nature as a free oxide with the mineral Baddeleyite. This
oxide has an approximate density of 5.7 g/cm® and three crystallographic forms:
tetragonal, monoclinic and cubic. The monoclinic phase is stable from room temperature
up to 1170 °C, and it is the most stable form. The tetragonal form is stable at temperatures
of 1170°C to 2370°C, and the cubic form is stable at temperatures higher than 2370°C
[23].

In this material, perceptible changes in volume occur during phase transformation.
The stress induced phase transformation from tetragonal to monoclinic zirconia at room
temperature (on cooling), ahead of a propagating crack, results in a 3-5% volume
expansion and approximately 7% shear strain [2], [9], [23] (these values may vary
depending on grain size and concentration of stabilizer, which will be explained further in

this document). Upon heating, a 5% decrease in volume occurs (Figure 2.1).

Monoclinic Phase Tetragonal Phase Cubic Phase

5% decrease
in volume

A :

A

3-5% J
increase in
Stable until: volume Stable between: Stable between:
<« <«
1170°C 1170°C - 2370°C 2370°C — 2680°C

Figure 2.1 - Temperature Phase Transformation of zirconia, adapted from [23].

This tetragonal to monoclinic transformation brought new insights for new
applications because this transformation is, in fact, a mechanism of transformation
toughening of the material, and it is the key issue for the use of zirconia in biomedical
applications.

This transformation is martensitic and occurs during sintering and for both heating

and cooling [7]. The shear strain and the large increase of volume, previously mentioned,
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create internal stresses on cooling. These created stresses are so large that pure zirconia
sintered above 1170°C disintegrates by cracking upon cooling [7]. This mechanism
increases the work of fracture and, consequently, the toughening of the composite.
However, it is also important to stabilize the tetragonal phase, which has higher density
(around 6 g/cm®) than monoclinic zirconia and presents better mechanical properties than
alumina, as shown on Table 2.1. The Young’s Modulus is similar to stainless steel alloys
and the value of strength is one of the highest among ceramic biomaterials. However,
alumina still presents a higher value of hardness, which makes this oxide a proper

material to be used in zirconia composites.

Table 2.1 - Properties of tetragonal zirconia and alumina [6].

Property Tetragonal Zirconia Alumina
Strength 900-1200 MPa >500 MPa
Hardness 1200 HV 2200 HV
Young’s Modulus 210 GPa 380 GPa

This zirconia phase transformation toughening is initiated in the presence of large
tensile stresses around a crack and, as previously mentioned, the volume expansion of
the tetragonal grains can stop the crack propagation, like a zipper mechanism. However,
on the proximity of that crack, the grains will be destabilized, forming a transformation
zone in the material [7] (Figure 2.2). This means that, when volume expansion occurs,
stresses are created on the surroundings of the tetragonal grains, leading them to
transform too, all over the material. This phenomenon can cause loss of strength, low
temperature degradation and consequent deterioration of the material. For this reason, it
is crucial to control this mechanism, in order to obtain the improved crack resistance

without losing the properties provided by the tetragonal phase.
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Tetragonal

Monoclinic

Figure 2.2 - Transformation zone formed by a crack that induced tetragonal to monoclinic
transformation. From [1].

In terms of the thermodynamics of this transformation, a simple analysis of the
conditions for the transformation is expressed in terms of different energy contributions to
the overall energy of transformation. The change of total free energy (AG.) per units of
volume required for the tetragonal-monoclinic transformation in a constrained matrix can

be expressed by the following equation [7], [24]:

AGi_py = AG, + AUgg + AU (Equation 1)

AG. is the difference in chemical free energy associated with the tetragonal to
monaoclinic transformation. This value is dependent on the temperature and composition
(including the amount of oxygen vacancies), and it is negative for temperatures below the
equilibrium temperature. The variable AUse is related to the change in elastic strain
energy associated with the transformation of particles, and it is dependent on the modulus
of the surrounding matrix, the size and shape of the particles and the presence of stresses
(internal, or external). The last term, AUs is the change of surface free energy. It
expresses the changes in energy associated with the formation of new interfaces upon
transformation, like microcracks, and it is usually a positive value. Basically, when the
overall value AG.., is positive, the particles remain on the tetragonal phase. On opposite,
when this value is negative, they are metastable and will probably transform into
monaoclinic [7], [13], [17], [25].

In zirconia alumina composites, this transformation toughening is also present, but it

will be constrained. In a ZTA composite, the cracks will preferentially cross the zirconia
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particles in the alumina matrix (because of their smaller Young’s Modulus), and the stress
induced phase transformation will stop the advancing crack, creating a toughening
mechanism. Also, when volume expansion occurs, a microcrack network will be created
around the transformed particle, and the fracture energy will be dissipated, improving
toughness [6]. Nonetheless, the zirconia concentration in the alumina matrix must be
carefully controlled so that the stresses created upon phase transformation do not
compromise the strength of the biomaterial [6].

Moreover, in a composite, thanks to the encapsulation of the particles, the matrix will
slow down the phase transformation, and prevent the entrance of radicals that penetrate
the lattice and lead to a premature transformation [9]. This effect is related to the increase
of the elastic self-energy AUse (Equation 1) due to the presence of the alumina (which is a
stiffer material) that will affect the matrix modulus. So, for this reason, it can be stated that
ZTA composites are more stable. Nevertheless, it has been proposed that, in these
composites, the content of zirconia must be controlled, and should be below a percolation
limit (which was defined as 16% in an alumina matrix), in order to avoid the deleterious
formation of zirconia agglomerates [1], [9], [26]. Zirconia agglomerates are adverse,
causing instability in the composite. In these agglomerates, the tetragonal zirconia is more
easily converted into the monoclinic phase, which can cause degradation of the
mechanical properties.

The processing of these composites is mainly done by wet mixing and subsequent
sintering. The temperature and pressure applied during sintering may induce phase
transformation and therefore, these parameters must be controlled in order to obtain a
composite with the desired properties.

Hence, with a tight control of the composition, grain size, and processing conditions,
it is possible to achieve a composite with the high hardness presented by alumina, and

the fracture toughness and strength offered by zirconia.

2.2Low Temperature Degradation

The main concern regarding zirconia biomaterials is their sensitivity to Low
Temperature Degradation.

Low Temperature Degradation is a kinetic phenomenon that causes aging of the
material and occurs in the presence of moisture [7], [17]. Basically, this mechanism is
defined as a slow transformation of the tetragonal phase into monoclinic, from room

temperature to 400°C, by nucleation and growth process. It begins at the surface of the
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material by a stress corrosion type mechanism that can be extended to the inner parts of
the material [7], [8].

An attractive explanation for this phenomenon, reported by Fabris et al [27], is that
the moisture species penetrate into the tetragonal lattice and destabilize it by annihilating
the oxygen ion vacancies, which means that the value of the elastic self-energy of the
transformation (AUsg) (energy barrier for t—m transformation) will decrease [7], and thus,
the rate of transformation will increase [28]. As it would be expected, loss of strength and
microcracking will occur since monoclinic zirconia presents lower density and thus lower
hardness and resistance to crack formation. This will also create porosity on the surface of
the material and therefore, a path for the water or biological fluids to penetrate down into

the material. In the following figure, a scheme of this phenomenon is presented.

Figure 2.3 - lllustration of the aging process occurring in a cross section of a zirconia ceramic, from
[8]. (&) Nucleation, (b) Growth, (c) Penetration of water to bulk from microcracks (red path).

Initially, the diffusion of water species into the lattice via oxygen vacancies will result
in a change of lattice parameters that will lead to instability and consequent
transformation, caused by stress accumulation and decrease of the difference in chemical
free energy between tetragonal and monoclinic phases (AG.). The nucleation occurs in
the most unstable grains subjected to the highest tensile stresses. This will lead to
microcracking and will create stresses in the other grains, which will continuously increase
the number of monoclinic nuclei. In consequence, the growth of this transformed zone will
lead to extensive microcracking and surface roughening, as a result of the volume
expansion upon transformation [17]. Further transformation proceeds in the presence of
water diffusion and stresses, and the fluids will consequently enter the lattice and extend
the monoclinic transformation through the bulk [7], [8], [17], [29].

This is basically an alternative to the resistance to crack propagation, caused by the
stress induced transformation for the tetragonal to monoclinic transformation. When the
transformation is initiated by a propagating crack, an improved toughening is achieved,

but on the other hand, when the t — m transformation is caused chemically (like diffusion
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of water derived species from surface) a surface roughening occurs, starting various
detrimental effects like microcracking, grain pull-out, loss of strength, and wear debris
(Figure 2.4). The initial transformation of specific grains can be triggered out by various
factors like their non-equilibrium state caused by their size (large grains are more
unstable), low stabilizer content, a specific orientation on the surface, or the presence of
residual stresses (aging sensitivity is directly linked to the type (compressive or tensile)
and amount of residual stresses) [8], [30].

These effects can obviously cause the fracture of the material. This was the reason
given by Food and Drugs Administration for the removal of various batches of zirconia

implants.
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Figure 2.4 - Consequences of aging on zirconia devices, from [7].

The sterilization procedure (at 134°C and 2 bar) consequently led to the surface
roughening of the material, leading to grain removal induced by wear, that creates craters
on the surface of the material [7], [8], [29], and, consequently to their catastrophic

degradation (Figure 2.5).
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Figure 2.5 - SEM image of retrieved zirconia ball head for total hip replacement after 4.5 years in vitro.
A large crater on the surface induced by aging associeated to wear, is presented [8].
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In order to prevent this degradation in zirconia orthopedic devices, it was created an
International Standard that specifies the characteristics and test methods for every
ceramic implant based on Yitria Stabilized Tetragonal Zirconia (Y-STZ). The second
edition of the ISO 13356 [22] was published in 2008, specifies the material properties
such as bulk density, chemical composition, microstructure, mechanical properties, and
the aging tests.

Every Y-STZ ceramic for implant must be submitted to an accelerated aging test.
The zirconia samples must be placed in an autoclave and exposed to steam at (134 + 2)
°C under a pressure of 0.2 MPa, for 5 hours. These conditions correspond to roughly 15
to 20 years in vivo [17], [31] . After this test, the monoclinic fraction must be determined by
X-Ray diffraction, and should be equal or below 25%. The residual biaxial and bending
strength of the aged composites should not decrease more than 20% after this test.

In the presence of Zirconia Alumina composites, the kinetics of this mechanism is
slowed down because the zirconia phase is not microstructurally continuous, implying that
there won’t be a pathway for the diffusion of species into the composite.

Regarding ZTA composites, which have an alumina matrix, the transformation of the
zirconia grains will be obstructed [7], [26]. On the other hand, for ATZ composites, it has
been reported that the addition of alumina to zirconia (as little as 0.25%), combined with a
finer grain size, effectively slows this deleterious transformation [25], [32], [33]. Higher
amounts of alumina also prevent the degradation, although the protection mechanism is
different. With the addition of up to 20 wt% of alumina the transformation is delayed
because the contact area between zirconia grains is reduced [34], [35].

Therefore, the encapsulation that limits this transformability similarly indicates that
these composites are less susceptible to stress induced corrosion in water and body fluids
[36]. Pezzati el al [37], confirmed that, after a long exposure to hydrothermal degradation
(more than 50 hours), the thickness of phase formed on the surface of pure zirconia was
twice the thickness presented by ZTA ceramics (with 80 vol% of alumina, 17 vol% of
zirconia and 3 vol% of strontium aluminate), as it can be verified in Figure 2.6. In another
study, it has also been reported that the addition of 20 wt% of alumina to zirconia also
prevented the aging degradation in comparison with a 3 mol% Yttria Stabilized Zirconia

(YSZ), and also increased the strength of these ceramics during long-term aging [35].
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Figure 2.6 - Experimental results obtained by Pezzotti et al [37], on surface femoral heads upon aging
tests at 134°C for monolithic zirconia and ZTA composites. Left: Transformed Thickness (um); Right:
Roughness (nm).

As it would be expected, the roughness revealed by pure zirconia was much higher
than the roughness presented by ZTA composites. Even though the hydrothermal
transformation occurred sooner (between 10 and 50 hours of aging) the authors reported
that it was limited and it did not affect the surface roughness, since it was maintained on a
low value throughout the duration of the aging test. The surface roughness in a zirconia
ceramic is a clear sign of a deleterious tetragonal to monoclinic transformation.

Nevertheless, the percolation limit of 16 vol% of zirconia in these composites,
mentioned in the previous section of this document, should be considered [1], [9], [26].
Pecharroman et al,[26] concluded that 16% volume of zirconia is, in fact, the percolation
limit in which a higher content of zirconia will not retard the mechanism of aging (Figure
2.7).

It was reported that both ATZ and ZTA composites show better aging resistance
than Yttria Stabilized Zirconia (YSZ) alone [38], [39]. However, ATZ composites still
exhibit a certain degree of aging [29], [39]. This is due to the fact that ATZ composites are
composed by a higher amount of zirconia, that could be more easily destabilized than the

ZTA ones, which have an alumina matrix.
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Figure 2.7 - Monoclinic fraction versus zirconia content in ZTA composites. Zirconia stabilized with 3%
of yttria was submitted to a steam treatment (40h at 140°C) [26].

The surface finish of the bioceramic can benefit the resistance to aging, or decrease
it. In aging environment, the grains are transformed as a function of their disequilibrium
state, so, all the grains remain in a similar stress state [40]. However, when a scratch is
created in the material surface (by machining or polishing), a homogeneous stress state is
created on the surrounding area of the scratch [30]. This area will be susceptible to
transformation that will lead to aging. Deville et al [30], concluded that rough polishing can
produce a compressive surface stress layer that is beneficial for the aging resistance. A 6
pum surface finish produces compressive stresses that will be presented on the surface.
On the contrary, a smooth finish from 1 pum to 3 um will produce tensile stresses.
Elastic/Plastic zones will be created and, consequently, preferred regions for nucleation
will be formed. These regions can change the stability of zirconia during aging treatments.
Tensile stresses are more favorable for transformation than compressive stresses [30].

The sintering temperature can also affect the resistance to aging [25], [34], [41]. It
has been reported by Kawai et al [34] that with increasing sintering temperature, the
fraction of monoclinic zirconia increases in Y-TZPs. For a sintering temperature of
1400°C, the monoclinic content was around 80%, with penetrated depth of 17.6 um. In the
same study, an ATZ (with 79.7 wt% of Y-SZ and 20.3 wt% of alumina) was sintered at
1450°C and it only presented a monoclinic content of 60%. For lower sintering
temperatures, 1350°C or 1400°C, the transformation was suppressed. It is suggested that,
the excessive grain growth promoted by the sintering temperature and increasing time,
can reduce the protection against degradation [33], [42]. This statement is in agreement
with Equation 1, since smaller grains present higher values of AU, and therefore, higher

stability. Zhang et al [42] reported the same tendency for a composite with only 0.25 wt%
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of alumina. When sintered at 1450°C (or higher) for 4 hours, the average grain size had
risen to 0.25 pum, the degradation of Y-TZPs considerably increased.

2.3Stabilized Zirconia

Zirconia ceramics strongly depend on the selection of the starting powders,
composition and size distribution. These parameters can affect the mechanical properties
and aging resistance of these ceramics.

The main priority was always to develop a stabilized tetragonal zirconia ceramic with
good mechanical properties, specifically, high fracture toughness and strength. The
introduction of a stabilizer was studied in order to enhance the stability of the tetragonal
phase, and therefore, improve the stability of the bioceramic [43]. Garvie et al [44]
published in 1975 the first study regarding stabilization of zirconia tetragonal phase. In this
study a magnesia partially stabilized zirconia was tested. After this publication, various
stabilizers for zirconia were tested during early stages of development.

Essentially, a zirconia stabilizer will stabilize the oxygen ions around Zr*" cations,
thus stabilizing the tetragonal (or even the cubic phases) and preventing an undesirable
transformation of tetragonal zirconia during cooling at low temperatures. Combinations of
zirconia-magnesia (ZrO,-MgO), zirconia-calcia (ZrO,-CaO), zirconia-ceria (ZrO,-CeQ,)
and zirconia-yttria (ZrO,-Y,03) were the most studied combinations used to retain
tetragonal zirconia. Some of these stabilizers contain undersized and oversized trivalent
cations (which is the yttria case (Y**)) and oversized tetravalent ions (like ceria (Ce*")).

Yttria is the most used stabilizer for zirconia, and this stabilized zirconia is named
Yttria-Stabilized Tetragonal Zirconia Polycristal material (Y-TZP) [45]. This stabilizer for
zirconia (Zr*") forms oxygen vacancies according to the following equation written in
Kroger-Vink notation [45], [46]:

Zro
Y,05 — 2Y',, + Vi + 30, (Equation 2)

where Y’; represents the negatively charged yttrium ion that will substitute the zirconium
ion, and V; represents the oxygen vacancy with double positive charge and 30, is the
lattice oxygen [45], [46]. The addition of cations like Mg*, Ca®" or Y**, which have lower
valence than the zirconium ion (Zr*"), induces the creation of oxygen vacancies (indicated

in the Equation 2 as V;), in order to compensate the charge difference. For example, the
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substitution of Zr** ion by the Y** will create a negative charge in the lattice, and for
keeping the charge neutrality, an oxygen vacancy is created for each mol of yttria
incorporated in the lattice [47]. Two yttria ions are necessary to electrically balance just
one oxygen vacancy. Oxygen vacancies are effective in stabilizing both tetragonal and
cubic zirconia since they promote the relaxation of the oxygen sublattice [48].

Comparing to MgO-Stabilized Zirconia (SZ), Y-TZPs present a significant
advantage, since sintering can be carried out at lower temperatures (in the range of
1400°C-1500°C compared to 1800°C to MgO-SZs) [47]. Besides, the reinforcement by
phase transformation is less pronounced in MgO-SZs than in Y-TSZs, and this stabilized
zirconia presents a residual porosity and a coarser grain size. All these factors have
discouraged the use of magnesia stabilized zirconia in biomedical applications, since the
porosity created and bigger grain sizes can lead to a premature degradation, and
consequent failure of the implant [23].

A systematic study concluded that the stabilization of tetragonal zirconia with
oversized trivalent cations (like Y*%) is twice more efficient than stabilization with
undersized trivalent cations, since they are most efficient in relieving the oxygen
overcrowding around Zr*" ions [7], [49], [50]. Besides, Yttria Stabilized Zirconia (YSZ)
presents the best characteristics such as a fine grain microstructure (with a diameter
ranging from 0.2 to 2 um) [6], [47]. Also, with the increase of yttria, the wear rate of ZTA
composites (with 17 vol% of Y-TZP) decreases due to its resistance against crack
extension and grain pullout. It is also reported that optimal results such as less detrimental
transformation and increasing of wear resistance, can be achieved by using a lower grain
size zirconia [51].

In order to achieve equivalent mechanical properties, Ceria Stabilized Zirconia
requires a three times larger grain size comparing to Y-TZPs [47]. To achieve a K¢ of 12
MPa.m*?, a Ce-TZP with a grain size of 8 um would be needed, while for a Y-TZP a grain
size of 2 um would be sufficient [52]. Table 2.2 presents the typical mechanical properties
presented by yttria and ceria stabilized tetragonal zirconia (Y-TZP and Ce-TZP). As it can
be verified, a higher amount of ceria is necessary to achieve similar mechanical
properties, at a cost of a coarser grain size too.

The exact content of yttria plays an important role in the transformability of zirconia.
The yttria content will increase the value of AUsg, previously mentioned (Equation 1). For a
content around 3 mol%, this oxide decreases the driving force of the tetragonal-monoclinic
transformation at room temperature, and retains the metastable tetragonal grains in dense
bodies [17].
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Table 2.2 - Typical mechanical properties presented by Y-TZPs and Ce-TZPs [47].

Y-TZP Ce-TZP

Stabilizer (mol%) 2-3 12-15

Hardness (GPa) 10-12 7-10

Fracture toughness, Kic (RT, MPam*?) 6-15 6-30
Young’s Modulus (GPa) 140-200 140-200
Bend strength (MPa) 800-1300 500-800

The toughness of this yttria stabilized zirconia is also strongly influenced by the
grain size. In order to control the volume expansion presented when tetragonal to
monoclinic transformation occurs, it is important to limit the zirconia grain size [47]. The
zirconia grain size must range between two critical values: the lower value, D.’, bellow
which the transformation is hindered (the tetragonal phase is stabilized, due to its small
size), and the highest value, D., above which spontaneous, catastrophic, transformation
occurs. These critical sizes will be affected by the content of stabilizers present in zirconia.
An un-stabilized zirconia requires smaller and a most refined grain size range [1] (Figure
2.8). For a 3 mol% YSZ, the critical grain size is approximately 1 um, and for a content of
2 mol% YSZ, the critical grain size decreases to approximately 0.2 um [6].

Thus, the amount of zirconia stabilizer is a crucial detail to attain when selecting a
zirconia grain size. As previously mentioned, finer, and smaller grain sizes are optimal to
achieve better mechanical properties and aging resistance. However, this grain size
should be able to trigger and maintain the toughening mechanism presented by tetragonal

zirconia.
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Unfortunately, the content of yttria can initiate low temperature degradation. Despite
the good mechanical properties presented by Y-TZP in comparison with those presented
by Ce-TZP, various authors reported that, due to its trivalent character, this stabilized
zirconia shows a higher diffusion rate of species from water, comparing with other zirconia
ceramics, like CeO,-doped ZrO, .Due to the yttria doping, the water species can locate
the oxygen vacancy sites present on the surface of the material [38], [53]. The consequent
penetration of water radicals leads to a lattice contraction, with the resulting formation of
tensile stresses that compromise the stabilization of the tetragonal phase grains [9], [17].

It has been reported that the optimum concentration of yttria, for zirconia-alumina
composites (which no adverse effect would be produced) is 2 mol% [9], [11]. Magnani et
al [11] reported that, for this concentration of yttria, in composites with 50% of zirconia and
50% alumina, it is possible to obtain the best results for fracture toughness, and, for
contents higher than 3 mol% of yttria, the fraction of transformable tetragonal phase starts
to decrease, as it can be verified in the ZrO,-Y,03; phase diagram (Figure 2.9). Therefore,
with the decrease of tetragonal phase, the toughness of the composite will also decrease,
since there is a decline in the transformability of zirconia.
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Figure 2.9 - ZrO,-Y,03 phase diagram, where T=tetragonal, M=monoclinic, C=cubic and L=Liquid phase
from [9], [54].

In the presence of an alumina matrix (ZTA), the tetragonal phase of zirconia

becomes more stabilized since that, there is no need of a superior amount of yttrium oxide
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to stabilize the zirconia. However, the grain size and microstructure must be controlled in
order to still achieve good mechanical properties and aging resistance.

On the contrary, when the composite contains a higher amount of zirconia, an ATZ,
(which have a zirconia matrix) there are more chances to occur the transformation to
monoclinic zirconia. Even though alumina also plays a role in the stability of the zirconia
matrix it can be assumed that a higher quantity of yttria is needed, in order to stabilize this

higher amount of zirconia.

2.4 Additives

Various additives have been tested in order to enhance the mechanical properties
and/or provide additional stability against Low Temperature Degradation to stabilized
zirconia and zirconia alumina composites. Some examples of these additives are

presented, alongside with the reported effects on the characteristics of these ceramics.

2.4.1 Strontium Aluminate

Strontium aluminate is used as platelet-like crystals that can block or deflect crack
growth [9]. It is reported that these crystals increase the toughness of the composite and
diffuse crack energy [9], [55]. With only 3% of the total volume (and a maximum length of
3 um), these crystals can be formed in the shape of rods that possess higher crack
propagation [56]. With the addition of these structures to ZTA composites, the composite
becomes more reliable, with enhanced fracture toughness [1], [9] (Figure 2.10). Kuntz
[56], [57] stated that, if the average distance between tetragonal zirconia grains is
approximately 0,2 um, (which is similar to the grain size), the reinforcement is activated

immediately as soon as any microcrack is initiated.
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Figure 2.10 - Strontium Aluminate rods as a reinforcement agent for zirconia alumina composites,

from [9], [58].

In another study by Oungkulsolmongkol et al [59] the same results were achieved,

since the fracture toughness of a ZTA composite showed an increase. Several

compositions were tested and the best results for fracture toughness were achieved for a

ZTA with 40 vol% of zirconia and 2 vol% of strontia (Figure 2.11). However, it was

reported that, although the fracture toughness has, in fact, an increase, the formation of

the hexaluminate could result in a porous microstructure that decreases the hardness of

the composite. So, the author reported that the optimum content of strontium

hexaluminate must be around 2 vol% relatively to the amount of alumina [59].
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Figure 2.11 - Hardness and Fracture Toughness - a comparison between various compositions. Group
I: Alumina with 40vol% of zirconia; Alumina with 2vol% of strontia. Group Il: Alumina with 30vol% of
zirconia; Alumina with 5vol% of strontia. Group lll: Alumina with 20vol% of zirconia; Alumina with
15vol% of strontia [59].

This dopant is also used in some commercial brands of zirconia alumina composites

in order to enhance its fracture toughness [56], [58].

25



CHAPTER 2 - Literature Review

2.4.2 Chromia

The use of chromia is linked to an increase of hardness and wear resistance of the
zirconia alumina composites [55]. With this oxide, the tetragonal phase content on the
surface shows a slower decrease with the increasing time, which means that, the aging
effect will be contained [60]-[62]. Azhar et al [62] reported that, with the addition of
chromia, the monoclinic zirconia decreases, as evaluated by XRD (Figure 2.12). Stefanic
et al [61], knowing that the oxygen-deficient surface sites initiate the tetragonal to
monoclinic transformation, concluded that Cr,O3; will cover those sites, resulting in an
increased stability of the tetragonal fraction. Also, G.Pezzotti et al [60] verified that, in the

presence of this dopant, the oxygen vacancies are less concentrated in the matrix.
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Figure 2.12 - Comparison of XRD results of various composites with different amounts of chromia [62].

Basically, this oxide increases the protective effect of the composite, which becomes
more resistant to hydrothermal degradation. The hydrothermal attack will be reduced in
yttria stabilized zirconia ceramics doped with chromia, due to the strong interaction
between zirconia and chromia, which prevents the diffusion of oxygen in zirconia [9], [60].
In fact, alumina seems to have an effect of “self-sacrifice” inducing the trapping of
moisture on its surface, protecting tetragonal zirconia, at the expenses of a fast formation
of oxygen vacancies in the (Cr doped) Al,O3; matrix lattice [60].

Magnani et al [11], also stated that the addition of chromia leads to an increase in
toughness with no change in hardness for composites with different zirconia and alumina
contents. When chromia is added to alumina, an isovalent solid solution is formed, since

that they are both sesquioxides and present the same corundum crystal structure [11],
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[62]. This factor will lead to materials with high refractoriness and chemical stability. Due
to this fact, it was reported that the addition of Cr,O3 have a beneficial effect on alumina
mechanical properties, with an increase of hardness, fracture toughness and tensile
strength. Figure 2.13 shows the results presented by Azhar et al [63]. The fracture
toughness of a ZTA composite (with an 80/20 wt% ratio of alumina and zirconia)
increases with the amount of chromia, reaching a maximum value of 5.36 MPa.m"? for 0.6
wt% of this oxide. This author also demonstrated that, with further addition of chromia,
fracture toughness would result to reach to a stable value, around 5.3 MPa.m"? [62]. Riu
et al [64] also reported that the fracture strength tends do decrease with additions of

chromia higher than 3 mol%.
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Figure 2.13 - Fracture toughness of ZTA (80/20 ratio of alumina/zirconia) composites doped with
different amounts of Cr,O3, from [62].

2.4.3 Pentavalent Oxides

Various authors also studied the addition of pentavalent oxides, such as Nb,Os and
Ta,Os to ZTA materials [46], [65]. It has been reported that the addition of these oxides is
positively correlated with the increase of bulk density and therefore decrease of porosity in
bulk materials. Thus, with an increase of density, the mechanical properties of these
composites were enhanced. The fracture toughness, bending strength and Vickers
Hardness increased with the amount of Nb,Os and Ta,Osin the composite. However, small
fractions of monoclinic zirconia were always present in the composites with both additives.
The transformability of zirconia has also increased with the amount of both additives,

when compared to the undoped samples, as the tetragonal phase tends to decrease
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(Figure 2.14). This can be due to the annihilation of the oxygen vacancies and consequent
overcrowding of the oxygen in tetragonal ZrO,, which will lead to an increase of strain in
the tetragonal lattice. So, these oxides increase the transformability of zirconia, which
explains the enhanced mechanical properties. However, the monoclinic content may be a
concern in the addition of these oxides in biomedical grade zirconia alumina composites,
since this transformability could lead to a premature degradation of the ceramic. Thus, the
amount of one of this pentavalent oxides should be carefully selected in order to obtain
the enhanced mechanical properties without jeopardize the aging resistance.

In terms of biocompability, results indicate that niobium and tantalum are non-toxic
materials and when added to Yttria Stabilized Zirconia, both can be considered

biocompatible materials [66].
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Figure 2.14 - Effect of Nb,Os and Ta»Os on the transformability of fired bodies (ZTA composites with
95vol.% of alumina and 5vol.% of yttria stabilized zirconia) [46], [65].

2.4.4 Lanthana

In order to protect the tetragonal phase of zirconia against the Low Temperature
Degradation, lanthana in dopant amounts, was also tested [50]. As previously mentioned,
like Y*, La*', a ternary oxide, can decelerate the tetragonal to monoclinic transformation

of zirconia since these cations with a lower valence than Zr*" produce oxygen vacancies
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that maintain the charge balance. Because of the difference in ionic radius, these oxides
also influence the grain boundary segregation, which delays the degradation [50], [67],
[68].

In the study of Nogiwa-Valdez [50], lanthanum oxide and alumina were added to 3%
yttria stabilized zirconia (0.1 wt% each). This doping did not result in a significant change
of the mechanical properties, grain size or density; however, good results were achieved
regarding hydrothermal degradation resistance. After exposure to heated steam (180°C
and ~900 kPa), the first detection of low temperature degradation was made by Atomic
Force Microscopy, revealing that individual surface grains displayed monoclinic symmetry.
The degradation progressed, in adjacent grains, forming monoclinic clusters that grew in
radial direction and circular shape. It is reported that, after 24 hours of exposure, the
surface of the control sample (with undoped zirconia) reached saturation, and, after 72
hours, the surface delaminated and material fractured. However, the addition of alumina
and lanthana stopped the degradation progress and thus, the failure of the ceramic. The
addition of both these oxides reduced substantially the nucleation rate and the growth of
the monoclinic clusters (Figure 2.15). Cross sections of the samples were made in order
to verify the bulk progression of the degradation. In comparison with the control material,
the addition of lanthana and alumina significantly stopped the progression after 72 hours
of exposure, showing a monoclinic layer with 4.6 pum, against 41 um presented by the
undoped stabilized zirconia.

The same authors also reported that, the addition of lanthana also changed the
transformation kinetics, since the grains were only partially transformed, which led to a

reduction of the surface microcracking.
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Figure 2.15 - Optical Microscopy images of a sample of un-doped zirconia (3Y-TZP) and
lanthana/alumina doped zirconia (LAZ) after hydrothermal tests [50].

In another more recent study [69], this anti-aging property of lanthana is again
confirmed. It was reported that when lanthana is used as a dopant, cation segregation
occurs on grain boundaries which promotes a stronger binding of the oxygen vacancies
and highly contributes to maintain the stability in deleterious conditions. This dopant also
inhibits the grain growth of zirconia which is concomitant with higher an aging resistance.
Thus, it was also reported that the aging resistance increased with an amount of lanthana
between 0.2 mol% and 0.4 mol%. Beyond this value the aging resistance starts to
decrease and a secondary phase, La,Zr,0O-, precipitates for amounts higher than 1 mol%,
which is even more deleterious, since a formation of a new phase is followed by a
decrease in density. An aspect to take in consideration while using this dopant is the
densification. In this study, when using such a little amount of lanthana as 0.02 mol%, the
sintered piece (1500°C for 2 hours) was not fully densified which affected the mechanical
properties. The authors reported that, with the addition of 0.1-0.4 mol% of lanthana and
0.1-0.25 wt% of alumina, fully densified pieces can be achieved when sintered for 2 hours
at 1450°C or 1500°C.

Regarding mechanical properties, in this study, a combination of 0.2mol% of
lanthana and 0.1 to 0.25 mol% of alumina in a 3 mol% Yttria Stabilized Zirconia presents
good mechanical properties when compared to a commercialized zirconia. Enhanced
hydrothermal degradation resistance was also achieved in these doped composites
(Figure 2.16).
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Figure 2.16 - Aging resistance of two types of zirconia with lanthana-alumina co-doping in comparison

with a commercial grade zirconia (3Y-E) with 0.25 wt% alumina, sintered at 1450°C and 1500°C for 2
hours [69].

2.4.5 Manganese Oxide

It has been reported that the inclusion of transition metal oxides, like manganese
oxide, can improve the densification of zirconia and its resistance to degradation [70], [71].
The densification caused by the addition of manganese its due to the decrease of
diffusion activation energy caused by the solid solution of MnO, in the ZrO, crystal.
Manganese cations substitute the zirconia sites that will cause fast diffusion paths within
single grains upon sintering [71]. Thus, a compact surface is observed with the addition of
MnO..

Published studies from Ramesh et al [71], [72] showed that the addition of an
amount of MnO, higher than 0.05 wt% to a 3 mol% yttria stabilized zirconia, highly
increases its bulk density, at lower sintering temperatures (below 1400°C). However, with
the addition of 1 wt% of manganese, the bulk density presents the opposite results. When
sintered beyond 1300°C, the formation of the zirconia cubic phase in the tetragonal matrix
is detected, which leads to a decrease in density. With the increase of bulk density, an
increase of stiffness was also reported. Higher values of Young’s Modulus were achieved,
at low sintering temperatures. Regarding hardness, the addition of manganese oxide had
a beneficial effect, since the doped samples reached higher values than the undoped
ones, also at lower sintering temperatures. The maximum value of hardness (13.7 GPa)
was achieved at a sintering temperature of 1400°C, with the addition of 0.05 wt% of
manganese oxide. The biggest difference is verified between the values of hardness

achieved when sintering at 1250°C, where the undoped sample achieves 9.7 GPa, and
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the doped sample (with 0.5 wt% of MnO,) reaches 13.6 GPa. Nevertheless, beyond
1400°C, the hardness of all samples started to decrease. The fracture toughness did not
present a significant increase, unless for the 1 wt% manganese doped zirconia, which
increased from 5.3 MPa.m"? at 1450°C, to 7 MPa.m"? at 1500°C, which was due to a
quick response of the metastable tetragonal zirconia grains to the induced stresses
created during indentation. The aging resistance was highly enhanced with the addition of
this oxide. In fact the doped sample with 0.5 wt% did not undergo phase transformation
during the aging tests (180°C/10 bar for 24 hours), which demonstrates that manganese
oxide can slow the kinetics of aging, by prevent the hydroxyl reactions from occurring in
tetragonal zirconia (Figure 2.17).
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Figure 2.17 - The effect of hydrothermal aging on the monoclinic phase developmentin Y-TZPs
sintered at 1350 °C [71].

Similar results were also reported by Zhou et al [70], where the addition of
manganese to 8 mol% yttria stabilized zirconia, highly increase its relative density. Grain
growth occurred with the addition of this oxide, since the average size for the doped
sample with 1 wt% of MnO, was 0.3 um, and 2.5 um for the sample with 5 wt% of MnO,.
No second phases were reported, and a highly dense microstructure was achieved.
Bending strength and Vickers hardness improved with the addition of manganese oxide to
zirconia. Just like the results of Ramesh et al [71], [72], higher values were achieved at
lower sintering temperatures (from 1200°C to 1300°C). The maximum value of hardness
was approximately 1800 HV, for the 5 wit% MnO, doped sample, sintered at 1400 °C,
while the highest bending strength was approximately 230 MPa for the 3 wt% MnO,
doped sample, sintered at 1300 °C.
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2.4.6 Ceria

Besides being tested as a stabilizer for zirconia, ceria has also been tested as a
dopant, in order to improve the mechanical properties of Y-TZP. It has been found that the
addition of ceria increases the fracture toughness of yttria stabilized zirconia, and zirconia
alumina composites [73], [74]. However, the amount of used ceria must be carefully
controlled. It was reported that, with the increase of ceria, the material porosity tends to
increase, and therefore, the bulk density and strength of the material decreases [73], [75].

In the work of Ragurajan et al [73] the best results for fracture toughness were
achieved when 0.5 wt% of ceria was added to 3 mol% of yttria stabilized zirconia, sintered
at 1400°C, reaching 6.4 MPam™? against 5.3 MPam™? for the undoped samples. This
sample also presented the most homogeneous microstructure, with a smaller grain size.
The highest value for the Vickers Hardness (1346 HV) was achieved for the sample
containing 0.5 wt% ceria at a sintering temperature of 1400°C. This sample also reached
the highest value of density at this sintering temperature, which certainly explains the
enhanced value for hardness.

Regarding the addition of ceria to ZTA, Rejab et al reported that, with an addition of
ceria higher than 10 wt% to a ZTA (with 80 wt% of alumina and 20 wt% of 5.4 mol% yttria
stabilized zirconia), results in a decrease of density, due to the presence of the phase
Ce,Zr3049 [74]. The best results were achieved for the 5 wt% of CeO, doped ZTA,
reaching 8.38 MPam™? of fracture toughness, which is a result of the good solid solubility
between Ce*" and Y*' in the phase (Zr,Y,Ce)O,, that stabilizes the tetragonal to
monoclinic transformation in the composite. Vickers Hardness also reached a maximum
value (1688 HV) for this amount of ceria, which could be attributed to a higher
densification.

Since ceria has also been used as a tetragonal zirconia stabilizer (previously
mentioned in section 2.3 of this document), it has been reported that the monoclinic

zirconia decreases with the increasing amount of ceria [76].

2.4.7Magnesia

Just like ceria, been tested as a stabilizer, magnesia can be applied in zirconia
alumina composites to enhance their mechanical properties. It has been reported that the
addition of magnesia to alumina limits the grain growth by lowering the grain boundary

mobility and surface energy of the grains, and increasing the surface diffusivity and
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densification [77]. Therefore, an increase of density will indicate an increase of hardness
[78], [79].

When added to a ZTA composite, an increase of hardness is also observed [63],
[79]. Although the alumina grain growth in the composite is affected, the addition of MgO
does not affect the yttria stabilized zirconia. However, when the content of this oxide
exceeded 0.7 wt% in a ZTA (with 80 wt% alumina and 20 wt% yttria stabilized zirconia)
the pinning effect of magnesia decreased, and alumina grains became larger, thus
decreasing the composite density [63]. Regarding fracture toughness, it shows a
decrease, with the addition of magnesia [63], [79], confirming this oxide intrinsic nature of
low fracture toughness. Also, the smaller grain size of alumina, resulted in a decrease of
intrinsic toughness due to the reduced load bridging capability of smaller grain bridges
[80]. Thus, although an increase in hardness is observed, the fracture toughness of the
composite is hindered which is not beneficial to these ceramic materials that need to be

reliable.

2.4.8Titania

Titania has been tested alongside with both zirconia and alumina, in order to
improve its mechanical, thermal and electrical properties [81]-[83]. However, in the past
few years, small additions of titania to zirconia alumina composites have also been
experienced [84]-[86].

It has been reported that titania promotes the grain growth of alumina and

consequent densification. This densification mechanism is a result of enhanced diffusivity

1> *

created by the substitution of AI** ions by the Ti** ions, which creates AI** vacancies [85],
[87], [88]. However, if the addition of titania is increased beyond its solubility limit, from
0.15-0.35 mol%, the opposite effect is observed, due to the formation of a new phase,
aluminum-titanate (Al,TiOs) [87]-[89].

This oxide also influences the mechanical properties of alumina. Wang et al [85]
reported that the hardness of an TiO, doped alumina (that contained 5 wt% of zirconia)
decreased with the increasing amount of TiO, (from 2.0 to 4.0 wt%) which was attributed
to the formation of secondary phases, like ZrTiO, and Al,TiOs Regarding fracture
toughness, with the addition of 0.5 wt% of TiO,, an increase of 18% has been noticed, in
comparison with the undoped specimens. The same author also confirmed that the
addition of this oxide to alumina, effectively lowers the sintering temperature, without

significantly lose its relative density.
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Concerning Y-Ti-TZP, these systems have been developed mostly in order to
improve the electrical properties of stabilized zirconia [81], [90].

It has been reported that the addition of titania can also have a stabilizing effect in
tetragonal zirconia, since its addition leads to a decrease of cubic zirconia formed during
sintering and also lowers the sintering temperature, as occurs also for TiO, doped alumina
[81]. The hardness tends to decrease with the addition of TiO, however, this difference
becomes meaningless for sintering temperatures above 1650 °C. A small increase in
fracture toughness has also been reported, which can be related to the stability of the
tetragonal phase, promoting the transformation toughening mechanism [81]. Also, in the
work of Zhao et al, no monoclinic phase was detected by both X-ray diffraction and
Raman spectra, of TiO,-doped YSZ specimens after been submitted to tests of
hydrothermal aging [82].

The addition of TiO, had been recently tested in zirconia alumina composites, and it
has been encouraged since it promotes a higher grade of densification and a finer
homogeneous structure, which is an important factor to take into account in these
composites. However, the results are very similar than those achieved in both TiO, doped
zirconia, and alumina. The densification is improved with the addition of titania, however,
the formation of liquid phases for larger amounts of this oxide (8 wt%) was reported for
these composites too [91]. The formation of ZrTiO4 in samples with 5 wt% of titania (in a
ZTA with 90 wt% of alumina and 10 wt% of 3 mol yttria stabilized zirconia) was also
reported by Ormanci et al [92].

In a more recent work, from Manshor et al [84], it was observed that for a sample
with 5 wt% of TiO, (in a 80 wt% of alumina and 20 wt% of a 5.4 mol% YSZ composite) the
phase Al,TiOs is detected in the X-ray diffraction spectra. This shows that titania was no
longer merged into the Al,O3, since there was a reaction. Also, in this work, the solubility
limit was reached at a 3 wt% of TiO, addition level, so beyond this value, the secondary
phases were formed at the grain boundary, which was lead to a diminished densification.
Regarding the mechanical properties of these TiO, doped ZTA composites, Vickers
hardness gradually increased (approximately 6.6%), reaching a maximum value of 1616
HV for the sample doped with 3 wt% TiO,. This sample also presented the highest value
of density. The same was observed in fracture toughness tests, which significantly
increased, and again, reaching a maximum value for the 3 wt% TiO, sample. With further
addition of titania, a minor increment of the fracture toughness was also noticed (Figure
2.18). The slightly increase of fracture toughness presented by samples with more than 3

wt% of titania, was due to the formation of elongated grains of Al,TiOs which, as
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previously mentioned, compels the crack to travel in more than one plane, thus requiring
more energy (Figure 2.19).

1700

69

1630 1 6.7

1600 6.5

Fracture Toughness (MPa. \.Il'l)

E
=
é
£ 6.3
1550
'_; ] 6.1
% 1500 50

1450 57

55
o ] T p : A ;" 0 2 4 6 $ 10 12
Ti0, wi%s Ti(]l wt%

Figure 2.18 - Vickers Hardness and Fracture Toughness as a function of TiO, content, in TiO, doped
ZTA composites. Results presented by Manshor et al [84].

These results are in agreement with the results published by Ormanci et al [92].
Besides the in vivo behaviour of these composites revealed that no clinical signs of

inflammatory reaction such as necrosis or reddening were detected.

Figure 2.19 - Microstructure of a) undoped ZTA and b) 7 wt% TiO, doped ZTA composite [84].

2.4.9Silica

Small quantities of silica had been tested as a dopant for tetragonal zirconia, in order
to enhance its resistance to Low Temperature Degradation, without compromising its
resistance to slow crack growth. It was reported that the addition of silica reduces the
lattice strain, and therefore stabilize the tetragonal zirconia [93]-[97]. The internal stresses
can facilitate the growth of monoclinc clusters, and extend the transformation to their
vicinity. When silica is added to zirconia, a glassy phase at triple junctions appears, that
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make the grains rounder. This consequently will lead to a reduction of the stresses at the
grain corners, and a better performance against degradation.

Gremillard et al [94], [97] reported that, the addition of silica did not lead to an
increase in fracture toughness; however, the resistance to degradation was highly
improved. After 15 hours in steam environment, at 134°C, the amount of monoclinic
zirconia reached the maximum transformation (approximately 75%) in the control sample
(3 mol% yttria stabilized zirconia), when the doped zirconia (with 0.5 wt% of silica) only
reached 30% of monoclinic content, for the same period of time. The aging kinetics of the
doped zirconia appears to be nearly constant with time, which is a result of a random
transformation of grains, without inducing the transformation to neighbors [94].

Samodurova et al [95], achieved similar results. The additions of silica (of 0.05 wt%
and 0.25 wt%) lead to the appearance of an amorphous silica phase at multiple grain
junctions that made the grains rounder in shape. With the addition of either alumina or
silica, the aging resistance improved with the decrease of monoclinic phase nucleation.
Both transformed layers of monoclinic zirconia (formed after 24 hours of aging tests) were
thinner than those presented by the un-doped zirconia sample, and presented less
microcracking in the grain boundaries. However, good results were achieved when
alumina and silica were combined, since they presented improved protection against
aging without losing fracture toughness, before and after aging tests.

In another study conducted by Nakamura et al [93], it was shown that the flexural
strength of samples of 3 mol% yttria stabilized zirconia doped with 0.2 mol% of SiO,
increased, in comparison with the control sample of stabilized zirconia, for all the tested
sintered temperatures (1400°C, 1450 °C and 1500°C). This effect was also observed after
aging tests, where silica doped samples were only weakened by less than 20% (Figure
2.20). The monoclinic formation rate was slower for the doped samples, in both surface
and bulk, showing a thickness of monoclinic layer of only 12 um against a layer of 36.7

um for the un-doped sample, after 40 hours of aging.
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Figure 2.20 - Flexural strength and monoclinic rate presented by samples of silica doped zirconia (S)
and un-doped zirconia (Z) as function of aging time [93].

In the following Table, the researched additives for zirconia and zirconia composites
are summarized, alongside with the produced effects on both mechanical properties and
aging resistance.
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Table 2.3 - Additives for zirconia and zirconia composites.
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2.5 Biocompatibility

The lifetime durability in vivo of artificial hip joints generally ranges from 12 to 15
years [99] but it is expected to reach the 20 years, thanks to the improved bioceramics
that have been developed through the past years [56].

All biomaterials that are intended for implantation must be strictly evaluated on multiple
subjects like biocompatibility, mechanical properties, and in vivo scoring of the surgical
outcome [56].

As previously mentioned, these implants are constantly exposed to wear, and
therefore, debris are generated. These debris are the major initiating event that leads to
aseptic loosening, periprosthetic osteolysis [99], decrease expression of type | collagen
[100], alkaline phosphatase, osteocalcin and osteopontin by osteoblasts [101]. So in order
to reduce wear, the use of nanosized particles has been advised. In fact, regarding
alumina, particles with less than 100 nm present a less detrimental effect on osteoblasts
function and adhesion [102], [103].

Since zirconia offers a great corrosion resistance, the ion in vivo release is
considerably smaller when compared to metallic biomaterials that are more easily to
corrode, and thus releasing ions that elicit adverse reactions in the surrounding tissue
[50]. Oddly, the first results of biocompatibility studies on zirconia where firstly obtained in
vivo, in 1969, and, only after, in 1990, results of in vitro tests were published [8]. Various
authors verified that zirconia had no cytotoxic effect in fibroblast cell cultures, regarding
different tests, like cell viability, and MTT assays [6], [104], [105]. Genotoxicity tests were
also performed, and the absence of aberration in chromosomic patterns in cells cultured
on zirconia was reported [8], [106].

Regarding Yttria Stabilized Zirconia, its biocompatibility has already been evaluated.
It was reported that fewer bacteria accumulate around Y-TZP when compared to titanium
[107], [108]. Dion et al [105], performed cell viability tests and MTT assays on 3T3
fibroblasts and HUVEC. It was concluded that this ceramic and its products had no
harmful effect in both cell cultures and in contact with blood cells. Li et al, [104] reported
the release of yttrium ions in in vitro tests, which was an indicator of material degradation.
However, that effect was not reported in vivo.

Regarding in vivo studies, the biocompatibility of zirconia ceramics was evaluated by
implantation in bone and in soft tissues. All tests performed on animals, in general

reported the absence of local or systemic toxic effects after implantation [6].
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Few papers have been published regarding in vitro or in vivo response to zirconia
alumina composites. However, it has been reported. The proliferation of primary
osteoblasts onto zirconia alumina composites was not significantly different than into
commercial alumina samples [99]. Maccauro et al performed in vitro and in vivo tests on a
ZTA composite. The in vitro results displayed no long-term carcinogenic effect [109].
Regarding the in vivo tests [110], where small cylinders of a produced ZTA were inserted
on rabbits tibiae for 1,3,6 and 12 months, no radiolucence (which is an indirect sign of
implant loosening) and nor tumors were detected. It was also verified that connective
tissue was always present at the bone-implant interface. The authors concluded that the
in vivo behavior of this material is similar to the one presented by zirconia and alumina
alone. This similarity was also proved by Affalato et al [111]. He et al, reported cell
adhesion and proliferation in ZTA foams, with an increase of these parameters in the
surfaces that have been exposed to a soaking treatment that led to hydroxylation. Also, it
was reported proliferation of fibroblasts and osteoblasts in alumina and zirconia particles
in DMEM, and no cytotoxic effect [112].

2.6 Production Process and Commercialized Products

The current industrial production of femoral ball heads involves a series of controlled
processes [14], [17], [113].

On the ceramic manufacturer, high purity raw powders are spray dryed and followed
by a dry pressing stage. Cold isostatic pressing is applied to the green pieces, in order to
increase their density. The sintering process suffered changes since Saint Gobain
Desmarquest introduced yttria stabilized zirconia for orthopedic proposes in 1985 [14],
[17]. When the recall of the hip joints occurred from 1999 to 2001, the industrial process
was revised. Tunnel furnaces were used in order to reduce the processing time. However,
it was found that, in 2000, these tunnel furnaces (with multiple heating chambers)
influenced the reliability of the implants, since that the lots of implants sintered in these
furnaces presented a higher failure rate [14]. When compared data retrieved from ball
heads sintered in prior batch-type furnaces (which have a slower cooling rate) (Figure
2.21) a high failure rate was verified. It was found that, even though these furnaces
provided a continuous sintering process which reduced the processing time, the applied
thermal cycle and atmosphere created differences in the microstructure that lead to a lack

of densification on the implant core.
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Figure 2.21 - Sintering thermal cycles of Prozyr® BH (sintered on batch furnaces) and Prozyr® TH balls
(sintered on tunnel furnaces) [14].

In order to highly increase the density and close some remaining porosity that could
lead to a decrease on the aging resistance, a stage of Hot Isostatic Pressing is executed.
In the machining unit, a polishing and machining stage is carried. Basically the ceramic
balls are drilled so that the metallic stem can be inserted. This process must be carefully
controlled because the drilling process can lead to residual stresses on the ceramic which
can have a negative effect on the aging resistance and mechanical properties of the
femoral head.

Sterilization and packing are the last stages before implantation in surgery
environment. The sterilization is done on a gamma ultraviolet sterilizer by applying usually
a minimum of 25 kGy. The sterile product package is then inspected for flaws before
surgery. The various stages of this process are displayed on Figure 2.22.

Spray-Dried powders Implantation

| 0

Sterilization and Packing

Cold isostatic pressing

ﬂ Sintering Polishing and

/ + \ Machining
HIP

Figure 2.22 - Synopsis of the manufacture process of zirconia ball heads, adapted from [17].

Green Body
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Presently, two zirconia composites for hip arthroplasty applications are produced
(Table 2.3).

Commercialized by CeramTec AG (Plochingen, Germany), BIOLOX® delta was
approved by FDA in 2003, and over 6 million of this femoral heads have been implanted
worldwide. This manufacturer produces ZTA composites with 22.5 wt% of stabilized
Zirconia, 76.1 wt% of alumina and 1.4 wt% of additives, on which chromium and strontium
are included [1], [9], [58].

Another manufacturer, KYOCERA Medical (Osaka, Japan), produced a ZTA
composite under the name of Bioceram®AZ209, firstly introduced in 2011. This product is
currently on the market in Japan, and it contains 19 wt% of un-stabilized Zirconia, 79 wt%
of Alumina and 2 wt% of unspecified additives [1], [9].

Table 2.4 - ZTA hip implants - Manufacturers and product descriptions [9].

Manufacturer Product name Availability = %Zirconia %Alumina  Stabilizers  %Additives

CeramTec ] ) )
AG Biolox Delta  Worldwide  22.5wt%  76.1 wt% Yttria 1.4 wt%
Kyocera Bioceram, No 2 wt%
) Japan 19 wt% 79 wt% N
Medical AZ209 Stabilizers other (not
specified)
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3. Experimental Procedure

In this chapter, the used materials and experimental work is summarized. This work
can be divided in five parts: production of the composite granules by spray-drying;
pressing and sintering of the composites; implementation of mechanical tests on the
sintered pieces; aging tests (followed by another set of mechanical tests) and
biocompatibility tests. The characterization techniques performed throughout the
experimental work are also detailed. The characterization techniques used had the
purpose of characterize the produced materials for their composition, structure,

microstructure and mechanical behavior.

3.1 Materials

Two commercialized zirconia powders were used: 2 mol% Yttria Stabilized Zirconia
(Innovnano) and 3 mol% Yttria Stabilized Zirconia (3YSZ, Innovnano) with a mean particle
size of ~50 nm. The alumina powder (ABSCO materials, CR15: Batch 11254) was also
provided by INNOVNANO.

Tantalum Pentoxide (Tantalum(V) Oxide, Sigma Aldrich, 99.99%), with a mean
particle size of <20um; and Lanthanum Oxide (Lanthanum(lll) Oxide, Sigma
Aldrich,>99.9%) were used as additives to the produced composites.

To adjust the pH of the suspensions accordingly to the results achieved from the

zeta potential measurements, an HCI (0.5M) solution was used.

3.2 Preparation Methods

Aqueous suspensions of alumina and zirconia were prepared accordingly to the
defined compositions for the zirconia toughened alumina and the alumina toughened
zirconia composites, with and without dopants (lanthanum oxide, La,O3;, and tantalum
pentoxide, Ta,Os) (Table 3.1). These compositions have already been presented in

section 1.1 of this document, defined accordingly to results published in literature.
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Table 3.1 - Defined compositions for the produced ATZ and ZTA composites.

Compositions

10 wt% of 2 mol% Yttria Stabilized ZrO, and 90 wt% of Al,O4

15 wt% of 2 mol% Yttria Stabilized ZrO, and 85 wt% of Al,O4

ZTA

20 wt% of 2 mol% Yttria Stabilized ZrO, and 80 wt% of Al,O3

10 wt% of Al,O5; and 90 wt% of 3 mol% Yttria Stabilized ZrO,

15 wt% of Al,O3 and 85 wt% of 3 mol% Yttria Stabilized ZrO,

Undoped Compositions

ATZ

20 wt% of Al,O; and 80 wt% of 3 mol% Yttria Stabilized ZrO,

20 wt% of Al,O5; and 80 wt% of 2 mol% Yttria Stabilized ZrO,

20 wt% of 2 mol% Yttria Stabilized ZrO,, 80 wt% of Al,O5; and 0.35 wt% of Ta,0s

ZTA

20 wt% of 2 mol% Yttria Stabilized ZrO,, 80 wt% of Al,O3; and 0.1 wt% of La,O3

20 wt% of Al,O3, 80 wt% of 3 mol% Yttria Stabilized ZrO, and 0.35 wt% of Ta,Os

Doped Compositions

ATZ

20 wt% of Al,O3, 80 wt% of 3 mol% Yttria Stabilized ZrO, and 0.1 wt% of La,0O3

3.2.1 Preparation of the Suspensions

Before the preparation of the suspensions, the stability range for each material was
determined by zeta potential measurement. The pH was adjusted in order to achieve a
stabilized initial suspension for each composition.

To control the suspensions particle size, a stage of ball miling was performed.
Spray drying was chosen to obtain the composite powders. The spray drying parameters
were optimized during the early stages of this study.

3.2.1.1 Zeta Potential

The zeta potential of the zirconia and alumina powders was measured in order to
characterize the electrochemical equilibrium of the particles in the suspension in

pursuance of a stabilized suspension.

48



CHAPTER 3 — Experimental Procedure

This parameter gives an indication if the colloidal system is stable or unstable. For
large negative or positive potentials, the particles tend to separate. Otherwise, for
potentials near zero (isoelectric point) the particles agglomerate. The isoelectric point is
associated to a value of pH. The appropriate pH of the medium was then determined, to
avoid agglomeration of the particles on the suspension.

This parameter was measured on a Zetasizer Nano ZS (Malvern Instruments)
(Fig.3.1). This equipment applies an electric field to dispersed particles, which forces them
to move with a velocity related to their zeta potential. The achieved velocity is then
measured by laser interferometry which allows the calculation of its electrophoretic
mobility [114].

Figure 3.1 - Zetasizer Nano ZS from Malvern, used for zeta potential measurements.

The used dispersing medium was a solution of KCI (10 mL, 10°*M), and HCI (0.01M)
and NaOH (0.1M) were added to adjust the pH of the suspension, so that various
measurements of zeta potential for several values of pH could be taken, in the pH range
of 3 to 10.

3.2.1.2 Ball Milling

The aqueous suspensions were then prepared with the amounts of zirconia and
alumina defined for each composite (wt%). From preliminary results the spray drying
conditions were optimized. For the ATZ composites the aqueous suspension should have
a solid content of 2%, while the ZTA composites the solid content should be 4%, in order
to take advantage of the fully potential and maximum yield of the spray dryer.

The content of each powder was weighed on a precision lab scale (z 0.1 mg) in

order to prepare the right amount of each material for the defined compositions.
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The powders were then subjected to a deagglomeration process: distilled water
was added to the powders (on the right proportion) on a nano bead mill, Dispermat® -
SL12-nano (VMA) (Fig. 3.2), at 3500 rpm for 15 minutes each. This process was essential

in order to achieve a controlled particle size distribution.

Figure 3.2 - Nano bead mill Dispermat® SL-nano, available at INNOVNANO.

The particle size distribution of the particles in aqgueous medium retrieved from the
mill was measured on a Mastersizer 2000 (Malvern) (Fig.3.3). After obtaining the particle

size distribution, the suspensions were stored.

Figure 3.3 - Malvern Mastersizer 2000, existing at INNOVNANO.

3.2.2 Spray Drying Process

Before the spray drying process, the pH of the suspensions were measured, under
stirring, and adjusted with HCI (0.5M) to an appropriated value (approximately 3),
determined from potential zeta measurements. The composite granules were then
obtained on a laboratorial spray dryer, Biichi Mini Spray Dryer B-191 with a 73 pm nozzle
(Figure 3.4 - right).
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Spray drying is a technical method used to dry aqueous solutions or emulsions, and
it became widely used, from industrial chemistry to pharmacology research. This method
basically involves the evaporation of moisture from an atomized feed, on a drying
chamber, as the droplets of the spray come in contact with hot drying air. An intense heat
and mass transfer occurs, and it is translated in an efficient drying process. This simple
process also allows a complete control of the granule size, shape and morphology by
changing some adjustable parameters like the inlet and outlet temperature, the feed rate
of the peristaltic pump, and the flow rate of both spray and drying gas. The inlet
temperature is the temperature of the heated drying air while the outlet temperature is the
temperature of the air containing the particles at the entering of the cyclone. This last
parameter can’t be controlled but it is influenced by the other remaining parameters: the
aspirator flow rate, the pump performance (feed rate), and the concentration of the
suspension. The set of all these parameters can influence the temperature load, the final
moisture of the product, the particle size and the yield of the process [115]. A schematic of
this process and the used spray dryer can be seen in Figure (3.4-left).

Il Heater ql

Drying
chamber

Product
vessels

Figure 3.4 - Left: Schematics of the spray drying process from [115]; Right: Laboratorial Biichi Mini
Spray-dryer B-191 used.

After a short period of optimization, the equipment parameters were adjusted in
order to maximize the process yield. The stabilized spray-dryer parameters are displayed

on the following table:
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Table 3.2 — Established parameters for Biichi Mini Spray-dryer B-191.

Parameter Value
Inlet temperature (°C) 180°C
Outlet temperature (°C) ~100°C
Aspirator flow rate (%) 95%
Pump Performance (%) 20%

The obtained powders were stored and a conformation process was followed.

3.2.3 Obtaining of the green bodies and sintering process

The spray dried powders were uniaxially cold pressed, in a hydraulic press, at 70
MPa. The green bodies had ~2 cm of diameter. Cylindrical powder compacts were
achieved.

The obtained green bodies were then submitted to cold isostatic pressing (CIP) at
450 MPa, for fifteen minutes on a U33 high pressure system (Unipress Equipment)
(Fig.3.5). An increase of the green bodies densification was expected with the performing

of this additional stage of pressing.

Figure 3.5 - CIP system used: U33 high pressure system from Unipress Equipment.

The sintering temperature was selected after several tests. The pieces densification
was analyzed after various sintering stages from 1350°C to 1600°C. Finally, the pieces
were sintered at 1400°C for three hours, performed in air, in a laboratory furnace. A
sintering cycle with a heating rate of 2 °C/min and a cooling rate of 5 °C/min was applied.

In Figure 3.6, a sintered piece is displayed.
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wo |

Figure 3.6 - Superior view of one sintered piece.

3.3 Mechanical tests

Mechanical tests were performed in order to fully characterize the obtained sintered
pieces mechanical behavior. As previously mentioned, in the second chapter of this
document, enhanced mechanical properties are essential for these ceramics for load
bearing applications. Therefore, three different parameters were measured: biaxial flexural
strength, Vickers Hardness and fracture toughness. Each one of these tests was
performed in INNOVNANO.

3.3.1 Biaxial flexural strength

Biaxial flexural strength (or bending strength) is a meaningful characteristic to
maintain in these ceramics. Strict requirements for this parameter are specified on 1ISO
13356(2008) [22]. This test allows the determination of the maximum stress and deflection
of a material before its fracture.

Before this test, the sintered pieces were subjected to a fine polishing. For each
composite, five pieces were used for this test.

A 3-point test (piston-on-three-ball) was performed to determine the biaxial flexural
strength. A Testing Machine Zwick/Roell Z020 (Universal Materials) (Fig.3.7), was the

used equipment.
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Figure 3.7 - Biaxial flexural strength equipment: Testing machine Zwick/Roell Z020 from Universal
Materials present in INNOVNANO.

For each composite, the flexural strength values were achieved from five different

measurements. The average value was then calculated.

3.3.2 Vickers Hardness

Indentation hardness of a material traduces its ability to resist to deformation caused
by a constant compression load from a sharp object (indenter). Vickers hardness test is
one of the most frequent indentation hardness test used. This test uses a square-based
pyramid indenter with an angle of 136° between the opposite faces at the vertex. This
indenter is pressed against the surface of the sample using a predefined force (F). This
charge is maintained for 10 to 15 seconds. After the removal of the indenter, the diagonal
lengths of the indentation are measured and the arithmetic mean is calculated. The

Vickers hardness value (HV) is then given by:

F

HV =

= (Equation 3)
Aind

where F is the applied force in kgf and Ay is the surface area (mm?) of the resulting
indentation calculated from the following:

d? d?
- ZSin(%Gg) ~ Te54a

Aina (Equation 4)

where d is the average length in millimeters of the diagonal caused by indentation.

Therefore the HV can be calculated by:
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F 1.8544F
HV = =~

" Aina dz

(Equation 5)

The HV value is then obtained by multiplying F by the standard gravity value (9.807
m/s?) and by converting millimeters to meters.

The hardness of the sintered pieces was determined using a WIKI 100B system
(Affri) equipped with Affri Fully Automatic System software (Fig.3.8). Ten Vickers
indentations, using a 9.806N load, were performed in different pieces and surface points
of each composite. The test force was maintained for 15 seconds in each indentation. The
values were immediately obtained by software, and the average value was calculated

from the ten different measurements.

Figure 3.8 - WIKI 100B Vickers Hardness Tester available at INNOVNANO.

3.3.3 Fracture Toughness

The fracture toughness (K,c) of the composites was measured by crack indentation
method. From the indentations left from the hardness tests, it was observed that the crack
developed only at the corners of the indent. This type of crack which is named Palmqgvist
(type Pq), allowed a calculation of the fracture toughness based on Niihara equation [116],
which is commonly used for the determination of this mechanical parameter on these

ceramic materials. The following equation was applied:

3K,c = 0.035 (Ha i) (%)0'4 (5)_0'5 (Equation 6)

a
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where H is the Vickers hardness, a is half distance of indent diagonal, E is the Young’s
Modulus, and d is the crack length. Optical microscopy was used to measure the crack

lengths. Ten measurements were made and an average value was considered.

3.4 Accelerated aging tests

The aging tests were performed according to the International Standard 1SO
13356(2008) [22], in order to evaluate the stability of the tetragonal phase under
aggressive aging conditions, and predict the behavior of these materials in vivo.

This test was performed in CTCV Materials, in an autoclave, where the samples
were exposed to steam under the specified conditions of temperature and pressure: 134 +
2°C, and 0.2 MPa. Several pieces of each composition were used, in order to achieve
various times of degradation. Besides the 5 hour aging test, specified in the ISO
document, the samples were exposed to this aggressive environment for 12, 24, 48 and
96 hours. The pieces surfaces submitted to aging were previously polished, using a 9, 3
and 1 pym diamond paste, on a Struers TegraPol-25 polishing machine existing at
INNOVNANO.

3.5 Characterization Techniques

Throughout the duration of this study, several characterization techniques were
used to fully characterize the produced materials. Firstly, the composite powders retrieved
from spray-drying were characterized. With the implementation of conformation, sintering
and aging on the initial powders, different characterization techniques were also
performed. In the next section all the characterization techniques during the different

stages of this study are presented.

3.5.1 Characterization of the spray dried powders

The obtained powders were characterized for content of crystalline phases,
morphology, particle size distribution, specific surface area, density, and X-Ray

fluorescence.
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3.5.1.1 Particle size distribution

The particle size distribution of the particles in suspension was measured on a
Malvern Mastersizer 2000 (Fig.3.3). This equipment measures the size of the particles, in
a well dispersed suspension, through laser diffraction. The intensity of the light scattered
by the particles is measured regarding a certain number of angles and converted to a size

number through an algorithm [117].

3.5.1.2 X-ray diffraction

X-ray diffraction is an imperative technique to characterize the materials, since it
allows the determination and quantification of crystalline phases. By this technique, other
structural properties can be verified such as the lattice parameters, crystallite size and
degree of crystallinity. By directing a monochromatic X-Ray beam to a material with
regularly spaced atoms, each atom becomes a source of radiation. This phenomenon will
create constructive and destructive interferences. A diffracted beam results from the
constructive interferences. Bragg’'s Law expresses the relation between the diffraction

angle and inter-planar spacing necessary in order to create constructive interferences:
nA = 2dsinf (Equation 7)

where n= 1,2,3...A is the wavelength, d is the inter-planar spacing, and 6 the incident
angle of the beam in the material. By varying the diffraction angle (26), the diffracted
beam intensity will change and give rise to a diffractogram. The obtained diffractogram
can be compared to Powder Diffraction Files (PDF files) from the International Center for
Diffraction Data (ICDD).

The presence of crystalline phases was analyzed by X-ray diffraction, on a Rigaku
Geigerflex D/Max-SerieC with Ka radiation (\=1,54056 A) in the 28 range from 10° to 80°
at room temperature.

The detected phases were posteriorly quantified on PANalytical software, X'pert
HighScore Plus, with resource of Rietveld refinement and matching with ICDD files. This
refinement uses a least squares approach to refine a theoretical result to a measured
profile. The value of the Goodness of fit (GOF) was retrieved from the software. This value
is the result of a statistic model that summarizes the discrepancy between the observed

values and the ones expected under a statistical model [118]. The achieved value for
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each phase quantification report was analyzed in order to understand the accuracy of this

refinement.

3.5.1.3 Scanning electron microscopy

Scanning electron microscopy (SEM) allows the obtaining of high resolution images
of a sample surface at the nanometer scale. The obtained micrograph is caused by the
interactions between the sample and the highly energetic electron beam that is emitted.
Absorption, reflection and emissions of electrons occur and are detected creating contrast
and therefore, an image.

The spray dried granules morphology was evaluated by SEM, on a HITACHI S-4100
microscope, provided with an electron emission system with a tungsten filament with 25
kV of acceleration, and 15 A of maximum resolution. The powders were deposited on an
aluminum sample holder, with carbon tape, and then covered with a carbon thin film, on a
EMITECH K950 carbon spultter.

3.5.1.4 Specific surface area

Specific surface area (SSA) is defined as the ratio A/m (m?/g) between the absolute
surface area of a solid, A (which includes all accessible inner surfaces such as pores) and
its mass, m. In this work the SSA analysis method used was the Brunauer-Emmett-Teller
(B.E.T.) method, which involves the determination of the amount of adsorptive gas
required to cover the entire surface of a solid with a monomolecular layer [119]. The
adsorptive gas is only physically adsorbed by van der Waals forces, and it is easily
desorbed when a decrease of pressure occurs.

In this work, the specific surface area of the powders was determined using the
multipoint Brunauer-Emmett-Tellerum (B.E.T.) isotherm in a Quantachrome Nova 1000e
Series System, equipped with NovaWin software, present in INNOVNANO (Fig.3.9). N,

was the absorbate gas used.

58



CHAPTER 3 — Experimental Procedure

Figure 3.9 - SSA equipment used: Nova 1000e Series System, from Quantachrome present in
INNOVNANO.

3.5.1.5 True density

To determine the true density (or more accurately the volume) of powders and bulk
materials, gas pycnometers are the most commonly used equipment. This parameter is
calculated from a measured drop in pressure when a defined amount of gas is allowed to
expand into a chamber containing the sample. This analysis also includes closed porosity
in the measured volume. A known mass of sample is placed into a cell of known volume.
The introduced gas occupies the entire volume of cell (in vacuum) that is not occupied by
the sample. The volume of the sample is determined, and thus the sample density. Due to
its small size, helium is the most used gas [120].

Therefore, the composite powders true density was determined by this gas
displacement method using an AccuPyc Il 1340 (Micromeritics) helium pycnometer,
available in INNOVNANO (Fig.3.10). The results achieved for each composition were

obtained by the mean value of ten different cycles.

Figure 3.10 - Pycnometer used: AccuPyc Il 1340 from Micromeritics, present in INNOVNANO.
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3.5.1.6 X-ray Fluorescence

X-ray fluorescence was also tested. This technique allows the elemental analysis of
any kind of samples. When an incident X-ray collides with an atom from the sample, it will
become unstable, inducing an ejection of an electron from low energy levels. This vacant
space will then be occupied by an electron from a higher energy level. These changes in
energy levels create differences of energy that will induce the release of secondary X-
rays. These secondary X-rays are characteristic of the element. By analyzing these X-
rays, a chemical composition analysis can be performed.

The chemical composition of each sample was assayed by a Bruker-AXS S4
Pioneer X-ray Fluorescence Spectrometer with a rhodium X-ray source, controlled by a
SpectraPlus software, present in INNOVNANO (Fig.3.11).

Figure 3.11 - X-ray Fluorescence Spectrometer (Bruker-AXS S4 Pioneer) used, present in INNOVNANO.

3.5.1.7 Dilatometry test

The thermal behavior of the samples was characterized by dilatometric analysis.
This technique allows the verification of dimensional changes in a material throughout a
specific temperature cycle, which allows the evaluation and selection of a proper sintering
cycle. Through this analysis, the linear thermal expansion/shrinkage (Y=AL/L,) as function
of temperature (°C) is obtained.

This analysis was performed on a Thermoanalyse GmbH (BAHR) with a heating
rate of 20°C/min, until 1485°C.
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3.5.2 Characterization of the green bodies and sintered pieces

After obtaining and characterize the powders, a conformation stage was carried out.
All the techniques used for the characterization of the green and sintered pieces are

described below.

3.5.2.1 Density

The density of the green pieces was measured geometrically, given by the ratio
between the weight and the geometric volume of the samples (geometric density):

GD =

5 (Equation 8)

where m is the mass, d the diameter and h the height of the sample. The final green
density of the samples was determined by considering a mean value for ten samples of
each composition pressed under the same conditions.

The density of the sintered pieces (final density, p;) was determined by the

Archimedes’ liquid immersion technique. The following equation was considered:
mq

pr = X Piig (Equation 9)

ms—m;

where my is the mass of the dried sample, ms is the mass of the soaked sample, m; is the
mass of the immersed sample and p;q is the density of the immersion liquid. Distilled
water was the immersion liquid used in this measurement. The final density value for each
composition was obtained by the average of ten different pieces sintered under the same

conditions.

3.5.2.2 X-Ray diffraction

In order to investigate the presence of monoclinic zirconia on the sintered samples,
X-ray diffraction was also made, on the same Rigaku Geigerflex diffractometer. Phase
quantification was carried on X’pert HighScore Plus (PANalytical software) by means of

Rietvel refinement.
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3.5.2.3 Scanning electron microscopy

The morphology and grain boundaries were observed by scanning electron
microscopy (SEM). After sintering, the sintered pieces were polished on a Struers
TegraPol-25 polishing machine, existing at INNOVNANO. To remove scratches and
achieve a desired surface finish, the samples were firstly ground with abrasives, and then
a fine polishing was performed using 9, 3 and 1 um diamond paste. In order to properly
observe the microstructure and grain boundaries, the samples were thermal etched in air
at low temperature (100°C lower than the sintering temperature, heating and cooling rate
of 10°C/min, for 30 minutes). A ZEISS MERLIN Compact/VPCompact, Field emission

scanning electron microscope (FDSEM) was used, in IPN (Coimbra) (Fig.3.12).

Figure 3.12 - FDSEM used for observation of the samples microstructure: ZEISS MERLIN
Compact/VPCompact, present in IPN, Coimbra.

With the obtained micrographs, the grain size of each sample was measured, using
the image processing tool ImageJ 1.48v, by the stereology’s line interception method. A
micrograph (for each sample) was used, always with the same amplification. In the
following figure, the used method is presented.

|Area |MEaﬂ ‘Mm ‘Max |AﬂglE ‘%Area ‘LEngth
0003 132.007 97.889 139241 0 1} 0519
0002 119.273 97.036 146164 0 1} 0415

Figure 3.13 - Grain size measurement by line interception method, on ImageJ software.
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Each grain was measured and it was assumed that the grains were spherical. The

following equation was used:
G= K% (Equation 10)

where G is the mean grain size, K is the correction factor which is 1.5 for spherical grains,
L is the length of the line interception and N the total number of line interceptions. Two

measurements for both zirconia and alumina were made for each micrograph used.

3.5.3 Characterization of the aged samples

In order to evaluate the aging resistance, the composite pieces were submitted to
aging. The retrieved pieces were characterized using the techniques described below.

3.5.3.1 X-ray diffraction

In order to evaluate the degradation of the samples after the aging tests, X-ray
diffraction was performed on the polished surface of each piece. The diffractometer used
was the same Rigaku Geigerflex D/Max-SerieC diffractometer. Phase quantification was

performed on PANalytical’'s X’pert HighScore Plus.

3.5.3.2 Scanning electron microscopy

To evaluate the extension of the degradation to bulk, a cross section view from a
sample of the most degraded composition was observed by scanning electron
microscopy. In order to cut the sample and expose its interior, a diamond wheel was firstly
used to chip the sample. Various stages of polishing were applied to the cross section.
Firstly, a rough polishing was performed to remove scratches and after that, a fine
polishing was carried using 6, 3 and 1 um diamond paste. The used polisher was a
LaboPol-S, from Stuers. The HITACHI S-4100 microscope was used, and the samples
were sputtered with carbon, on the EMITECH K950 carbon sputter.
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3.6 Biocompatibility Tests

In order to evaluate the biological response of the produced composites,
biocompatibility tests were accomplished. All the produced samples were submitted to
these tests: the undoped ones: 80Z20A, 85Z15A, 90Z10A, 80A20Z, 85A15Z, 90A10Z and
802YSZ20A; and the Ta,Os and La,O; doped samples: 80Z20A+L, 80Z20A+T,
80A20Z+L, B0A20Z+T. These tests were performed at the Faculty of Dental Medicine,
University of Porto (FMDUP).

The material samples were sterilized by autoclaving, and osteoblastic-like MG63
cells were used in the biological assays. This cell line is obtained from the human
osteosarcoma and present similar phenotypic characteristics to osteoblastic populations.
These characteristics make this cell line one of the most frequently used for cytotoxic
evaluation of biomaterials in contact with bone tissue.

The materials used and the detailed procedure are described in the following

sections.

3.6.1 Cell culture

For the cell-response assays, human osteoblastic-like MG63 cells (ATCC number
CRL-1427™), of passage 25 were used. These cells were cultured in standard cell culture
plates, in a-Minimum Essential Medium (a-MEM, Gibco), supplemented with 10% fetal
bovine serum (Gibco), 50 pg.mI™* ascorbic acid (Sigma-Aldrich), 50 pg.ml* gentamicin
(Gibco) and 2.5 pg.ml™ fungizone (Gibco).

At 70-80% confluence, adherent cells were enzymatically released with a solution of
0.05% trypsin (Sigma-Aldrich) in 0.25% EDTA (Sigma-Aldrich), for 5 minutes at 37°C. The
cell suspension was seeded at a density of 5x10* cells.cm? over the materials’ surface.
Seeded materials were cultured for 1 and 4 days, and cell behavior was characterized for
cell viability/proliferation (MTT assay) and observation by Scanning Electron Microscopy
(SEM).

3.6.2 Cell Viability/Proliferation assay - MTT assay

MTT is a tetrazolium compound ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) tetrazolium ), which is positively charged and penetrates

viable eukaryotic cells. This colorimetric assay expresses the mitochondrial activity by the
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reduction of a soluble yellow tetrazolium salt into a purple colored insoluble product that
precipitates inside cells, with an absorbance near 570 — 600 nm — formazan [121], [122].
This change of color is due to the acceptance of electrons of oxidized substrates or
enzymes (such as NADH and NADPH) from the tetrazolium salt, which converts the
yellow salt into a formazan blue. When cells die, their ability of converting MTT into
formazan is lost. So, every change in the number of viable cells can be detected by
change of color, or, more accurately, by measuring the changes of absorbance at 570 -
600 nm on a spectrophotometer. This is possible because the quantity of formazan is
presumably directly proportional to the number of viable cells.

MTT (0.5 mg/ml) was added to each well, and cultures were incubated for 3 hours at
37°C. Following, the formazan salts were dissolved in dimethylsulphoxide (DMSO) and
the absorbance (A) was determined at A=600 nm on an Elisa reader (Synergy HT, Biotek).
Results were expressed as A.cm™.

3.6.3 Scanning Electron Microscopy

The colonized material samples were fixed in 1.5% glutaraldehyde in 0.14 M sodium
cacodylate buffer, pH=7.3, for 10 minutes. Then, the samples were dehydrated in graded
ethanol solutions (70-100%), followed by dehydration in graded ethanol -
hexamethyldisilazane (HMDS, Fluka analytical) from 50 to 100%, respectively [123].
Subsequently, samples were sputter-coated with an Au/Pd thin film, using a SPI Module
Sputter Coater equipment. The prepared samples were observed under a high resolution
(Schottky) environmental scanning electron microscope (Quanta 400 FEG ESEM), on
FMDUP.

3.6.4 Alkaline phosphatase and staining

Alkaline phosphatase is a protein that presents enzymatic activity. This protein is
secreted by osteoblasts and it is capable of removing phosphate groups of several
molecules in basic environment. The removal of phosphate groups leads to the formation
of radical phosphates. The presence of this enzyme is a marker of the osteoblastic
differentiation, which leads to the beginning of mineralization. So, this test gains
importance for bone related materials [124].

ALP is measured after the reaction that catalyzes the cleavage of phosphate from p-
nitrophenyl phosphate (p-NPP, colourless) to form p-nitrophenoxide. The pH of the

solution rearranges to alkaline and acquires a yellow color. The production of p-
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nitrophenoxide is proportional to enzymatic activity and leads to a highly absorbance at
400 nm.

Alkaline phosphatase (ALP) activity was evaluated in cell lysates (0.1% Triton X-
100, 5 min) by the hydrolysis of p-nitrophenyl phosphate in alkaline buffer solution
(pH~10.3; 30 min, 37 °C) and colorimetric determination of the product (p-nitrophenol) at
400 nm in an ELISA plate reader (Synergy HT, Biotek). ALP activity was normalized to
total protein content (quantified by Bradford’s method) and was expressed as
nmol/min.pgprotein™.

The colonized samples were also stained for the presence of ALP. Fixed cultures
(1.5% glutaraldehyde in 0.14 M sodium cacodylate buffer, pH=7.3, for 10 minutes) were
incubated during 1 h in the dark with a mixture, prepared in Tris buffer (pH=10), containing
2 mg/ml of Na-a-naphtyl phosphate and 2 mg/ml of fast blue RR salt; the incubation was
stopped by rinsing the samples with water. The presence of ALP was identified by a

brown stain.

3.6.5 Contact Angle and Wetting properties

To evaluate the wetting properties (hydrophilicity or hydrophobicity) of the material
samples, measurements of the contact angle were performed. The wetting properties of
the material can affect the protein and cell attachment, and it is established that usually
hydrophilic materials are more prompt to a good protein adsorption and favor cell
adhesion. The measuring equipment used was the SL200HT contact angle system from
Kino. A drop of water of 1.5 pL was placed on the materials surface and the contact angle
was measured by the UEye software. The image processing was carried out using CAST
3.0 software and four measurements were performed on the sample material. An average

value was considered.

3.6.6 Statistical Analysis

The presented results regarding the biological characterization with cell cultures are
the outcome of three independent experiments. In each experiment, three replicas were
accomplished for the biochemical assays and two replicas for the qualitative assays.
Results are presented as mean = standard deviation (SD). One-way analysis of variance
(ANOVA) was used in combination with Bonferroni’'s post-hoc test to data evaluation.

Values of p < 0.05 were considered significant.
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4. Results and Discussion

4.1 Undoped Zirconia Alumina Composites

Throughout this study, from the initial powders to the final sintered pieces, several
tests were accomplished in order to fully characterize the different produced composites.
On the next sections the results achieved for the undoped ATZ (80Z20A, 85Z15A,
90Z10A) and ZTA (80A20Z, 85A15Z, 90A10Z) composites are presented.

4.1.1 Suspension Stability

The zeta potential of alumina and both 2 mol%Yttria Stabilized Zirconia (2YSZ) and
3 mol% Yttria Stabilized Zirconia (3YSZ) was measured in order to determine the ideal pH
and then achieve a good electrochemical balance of the particles. In the following figure

the obtained curves are presented.
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Figure 4.1 - Zeta potentials obtained for each commercial powder.

According to the isoelectric points presented by each material, the chosen pH to
adjust the six different suspensions was approximately 3. At this pH, the suspensions
were stable, not presenting agglomeration or sedimentation, and a good phase

distribution of the composite powders could be expected.
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4.1.2 Particle size distribution of the suspension particles

The particle size distribution of the used commercial powders and suspension
particles was determined and adjusted, in order to assure that the milling process led to a
good deagglomeration of the initial particles. The obtained size distribution and the mean

diameter for the different suspensions are displayed on Figures 4.2, 4.3 and Table 4.1

respectively.
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Figure 4.2 — Particle size distribution of the commercial powders.
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Figure 4.3 — Particle size distribution of the ZTA (left) and ATZ (right) particles in suspension.
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Table 4.1 - Mean Diameter of the commercial and composite particles.

Composition Mean diameter (dsg) (Um)
Tz 3 mol% YSZ 0.257
é 2 mol% YSZ 0.247
§ AlL,O3 0.216
80Z20A 0.283
85Z15A 0.260
.% 90Z10A 0.234
% 80A20zZ 0.255
© 85A157 0.253
90A10Z 0.232

The obtained results confirm that the milling process successfully deagglomerated
the suspension particles. This was a key factor in order to avoid obtaining a
heterogeneous particle size after spray drying, thus it was important to acquire a
controlled, narrow size distribution of the particles on the suspensions meant for spray
drying. All the particles of the different composite suspensions possess a mean diameter
of around 250 nm which is in accordance with the mean diameter of the initial powders.
Both zirconias (3YSZ and 2YSZ) present a slightly bimodal distribution which explains the
slightly increase in the mean diameter of the particles from the ATZ suspensions in

comparison with the ZTA ones.

4.1.3 Characterization of the spray dried powders

4.1.3.1 Morphology

Composite granules were achieved by spray drying. The obtained micrographic
images of the suspension particles and the spray dried granules are displayed on Figure
4.4, The spray drying process induces an agglomeration of the powders in suspension,
forming spherical morphologies and homogeneous compositions of different materials.
The formed solid spheres are reported to be the ideal morphology for ceramic systems
[125]. This morphology promotes a better packing of the granules during pressing which

leads to a better densification process. A good densification is a beneficial aspect to
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obtain ceramics with better mechanical properties. The obtained granules have a

micrometric size, and it can be noticed that they are formed by agglomerates of

nanometric particles (with an approximate mean diameter of 250 nm, according to the
granulometric distribution) from the starting suspension (Figure 4.4-A).

72



CHAPTER 4 — Results and Discussion

Figure 4.4 - Obtained SEM images of the: A) Initial suspension particles; and granules of each
composite: B) 80Z20A; C) 80A20Z; D) 85Z15A; E) 85A15Z; F)90Z10A; G)90A10Z.

The formation of the micrometric granules presented on the obtained micrographs
was a good indicator of suitable compressive powders that would lead to high density
pieces. These granules have a diameter within the range of 4 um to 8 um and they are
formed by nanometric particles, with a diameter within the range of the results presented
by the granulometric distribution.

In general, the granules present an irregular surface, but the spherical shape can be
noticed for every composition except for the 90A10Z. In Figure 4.4-G, some
deagglomeration is noticed. Some alumina particles appear separated from the granule,
thus not forming a granule as it is presented for the other compositions (Fig.4.4-

B,C,D,E,F) which may be a signal of fragile granules.
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4.1.3.2 Specific Surface Area

The following table presents the specific surface area (obtained by the B.E.T.
adsorption isotherm) for both commercial and composite powders obtained by spray-
drying.

Table 4.2 - Specific surface area obtained by B.E.T. isotherm for each composite.

Composition Specific Surface Area (B.E.T.) (m%g)

5 3mol% YSZ 25.6
E 2 mol% YSZ 24.9
§ Al,Os 15.4
80Z20A 225
85Z15A 23.1
£ 907108 24.0
% 80A20Z 18.3
©  gs5A15Z 185
90A10Z 17.8

Both commercial zirconias (2YSZ, 3YSZ) presents a higher value of specific surface
area comparing with other commercial zirconia powders [126]-[128] because they are
nanostructured powders, thus having a bigger surface area and being more reactive.

The obtained values are in agreement with the ones presented by the commercial
powders. Since the ATZ composite powders are mainly constituted by zirconia, their
specific surface area increases with the amount of zirconia present. Therefore, the
80Z20A sample presents the lower specific surface area among the ATZ composites,
while the 90Z10A, with higher amount of zirconia, achieves the highest value, 24 m?/g.

The used commercial alumina presents a lower specific surface area, 15.4 m?/g.
The obtained values for the ZTA composite powders are similar, approximately 18 m?g.
These values were slightly influenced by the amount of zirconia present, since the
90A10Z composite powders, with a lower zirconia content, presents the lower specific

surface area value, 17.8 m?/g.
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4.1.3.3 Crystal Phases Composition

The crystallographic phases present on the spray dried powders were identified by
X-ray diffraction. The obtained diffractogram for each composite is presented on Figure
4.5.
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—— 85A15Z
—— 80A20Z
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*t - ZrO, (tetragonal)
°m - ZrO, (monoclinic)

Intensity (u.a)

20 (deq)

Figure 4.5 - X-ray diffractogram obtained for each composite powder: 90A10Z, 85A15Z, 80A20Z,
90Z10A, 85Z15A, 80Z20A; obtained by spray-drying.

This results indicate the presence of, as expected, alumina and zirconia.

Several peaks of monoclinic zirconia were detected for every composition. Phase
gquantification was performed by Rietveld refinement on Xpert HighScore Plus
(PANalytical software) where the peak and profile data is matched with the information
contained on the ICDD PDF files. The content of every phase detected is displayed on
Table 4.3 below. Even tough there is a 3% error associated to this measurement, a good
Goodness of Fit (GOF) value was achieved for each sample (bellow 3) and the ammount

of every phase matched the expected value.

75



CHAPTER 4 — Results and Discussion

Table 4.3 - Phase quantification of each composite powder obtained by spray-drying.

Composition Al,O3 (%) ZrO; (etragonal) (%) ZrO2 (monoclinic) (%)
80Z20A 23 47.2 29.8
85Z15A 14.8 49.6 35.6
90Z10A 13 514 35.6
80A20Z 83.5 4 124
85A15Z 88.1 3.1 8.8
90A10Z 92.2 1.9 5.9

The ammount of monoclinic zirconia present in these powders is due to the
transformability of zirconia when in powder. The granules of zirconia present a
significantly high specific surface area (Table 4.2) which makes them reactive and
transformable. Thus, there is a tendency for the zirconia to reach its stable state at room
temperature, which is the monoclinic phase, so the tetragonal to monoclinic
transformation occurs easily. Consequently, the content of monoclinic zirconia surpasses
the content of tetragonal zirconia for the ZTA samples, since the 2 mol% Yttria Stabilized
Zirconia used on these composites is more transformable than the 3 mol% Yttria
Stabilized Zirconia used on the ATZ composites. Thus, it is verified that for the ATZ
samples the ammount of monoclinic zirconia is always lower than the content of

tetragonal zirconia. The content of alumina is on the expected range.

4.1.3.4 True density

The particles density was measured on a helium pycnometer. The following table

presents the obtained density values for each composition.

Table 4.4 - Particles density for each composite measured by helium pycnometry.

Composition Density (g/cm®)
80Z20A 5.055
85Z15A 5.138
90Z10A 5.191
80A20Z 4.195
85A15Z 4.043
90A10Z 4.120
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Since zirconia has a higher density than alumina, as expected the ZTA samples
have a lower density value. On the opposite, the ATZ samples present a higher density
value.

Every composition presented a particle relative density higher than 91%
(considering the theoretical values of alumina, tetragonal and monoclinic zirconia) without
the application of any calcination stage and it can be assumed that the obtained

nanometric particles are fully dense.

4.1.3.5 X-Ray Fluorescence

In order to investigate the chemical composition of each sample, x-ray fluorescence
analysis was performed. This test is required in ISO 13356 (2008) [22] to detect impurities
on these ceramic materials based on yttria stabilized zirconia for orthopedic implants. The
chemical composition of each compaosition is presented on Table 4.5.

Table 4.5 - Chemical composition for each composite by means of X-ray fluorescence.

Composition
80Z20A 85Z15A 90Z10A 80A20Z 85A15Z 90A10Z
(%)
710, 74.78 78.75 83.35 16.48 13.84 10.72
Al,O, 19.11 14.84 9.856 82.17 85.14 88.5
Y,0, 4517 4.746 5.026 0.8598 0.6715 0.5076
HfO, 1.49 1.56 1.65 0.439 0.319 0.239
Other 0.104 0.106 0.123 0.044 0.034 0.031
elements

The International Standard is referred only to Yttria Stabilized Zirconia however;
some requirements can be taken in consideration in these composites. According to this
international standard the mass fraction of hafnia and other oxides must be controlled: the
hafnia content must not exceed 5% and other oxides (except alumina and yttria in this
case) must be below 0.5%.

As it can be verified the content of hafnia in all the produced composites was below
5%, as well as the other oxides, that combined did not exceeded 0.5%.

These results also show that the content of zirconia and alumina are in accordance

with the defined compositions for the ATZ and ZTA composites.

77



CHAPTER 4 — Results and Discussion

4.1.3.6 Dilatometric Analysis

To investigate the thermic behavior and densification kinetics of all samples and

determine a sintering temperature, a dilatometric analysis was made (Fig. 4.6).
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Figure 4.6 - Dilatometric analysis performed on each composite powder.

The ATZ samples achieve fully densification at a lower sintering temperature in
comparison with the ZTA samples. With the increasing amount of alumina, a higher
sintering temperature is required. This sluggish densification behavior presented by ZTA
samples requires a higher sintering temperature, which leads to an excessive grain
growth [129]. As mentioned on the previous chapter of this document, a refined grain size
(submicrometric and nanometric grain sizes) is traduced on improved mechanical
properties and aging resistance [25], [42]. In order to avoid an excessive grain growth and
enhance the resistance to hydrothermal degradation, a moderate sintering temperature
should be considered. A sintering temperature of 1400°C has been reported to be an
optimal sintering temperature to improve the hydrothermal degradation resistance, since
materials sintered at higher temperatures tend to initiate this deleterious transformation at
earlier stages [33].

The selected sintering cycle had a maximum temperature of 1400°C during three

hours, with a heating rate of 2 °C/min and a cooling rate of 5 °C/min.
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4.1.4 Characterization of the sintered pieces

4.1.4.1 Density of the green and sintered pieces

The composite powders were subjected to two pressing stages and sintering. First,
the powders were uniaxialy pressed, and a cold isostatic pressing was followed. Finally,
the green bodies were sintered. The density of the green and sintered pieces was
determined geometrically, and by the Archimedes’ Method, respectively. The density

results are displayed in the Figures bellow.
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Figure 4.7 - Density of the ZTA (above) and ATZ (below) sintered pieces, throughout the different
stages of pressing and sintering.
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Table 4.6 - Densification degree of the sintered composites.

Composition Density (%)
80Z20A 98.47
85Z15A 99.31
90Z10A 98.05
80A20Z 98.40
85A15Z 98.59
90A10Z 97.84

As it can be verified, the additional stage of cold isostatic pressing increased the
density of the green pieces.

The sintering stage lead to a good densification of all samples, since the ZTA
samples presented an increase of approximately 2 g/cm®, and the ATZ approximately 3
g/cm®. As expected, the ATZ samples have higher density due to their amount of zirconia.
Compared with the theoretical values of density (Table 4.6), the achieved relative density
is superior to 97%. These outstanding values of density resulted from various factors such
as the spray dried powders, which were spherical, with a micrometric size and dense. A
good packing of these powders during uniaxial pressing and the CIP stage improved the
density of the green bodies, and the sintering stage allowed an increase of these values,
at a relatively low temperature.

Some authors reported that spray drying of deflocculated suspensions can lead to
the production of hollow granules and consequently give rise to porous ceramics with
flaws, upon sintering [125], [130]. However this is not verified in this study. The density
values obtained for each composition of these powders are associated to dense particles
and not hollow, as it was reported by the authors. Even for the 90A10Z composite
powders on where the granules appeared to be broken (Fig 4.4-G), a good value of
density was achieved.

It is also important to remark that no hot isostatic pressing was applied in this study,
S0 it can be assumed that an additional stage of hot isostatic pressing would contribute to

produce sintered pieces with even higher density values (around 99% of relative density).

80



CHAPTER 4 — Results and Discussion

4.1.4.2 Crystal Phases Composition

To confirm the full transformation of monoclinic zirconia to the tetragonal phase

upon sintering, X-ray analysis was made on the composite samples. The obtained

diffractogram for each composition is presented on Figure 4.8.
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Figure 4.8 - X-ray diffractogram obtained for each composite sintered piece: 80Z20A, 80A20Z, 85Z15A,

85A15Z, 90Z10A, 90A10Z.

As expected, the sintering temperature carried at 1400°C enabled the absence of

monoclinic zirconia. At this temperature the monaoclinic zirconia (which is stable until

1170°C) detected on the composite powders after spray drying (Fig. 4.5), has been

transformed to the benefic tetragonal phase.

Thus, it was confirmed that after sintering all the monoclinic zirconia underwent

transformation to tetragonal phase, and its deleterious effects wouldn’t affect the following

tests.
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4.1.4.3 Microstructure

In order to observe the microstructure of these composites, the sintered pieces were
thermally etched and observed by scanning electron microscopy. The obtained
micrographs are displayed on the Figure 4.9 bellow.

Figure 4.9 - SEM micrographs from the thermal etched composite samples: A) 80A20Z; B) 80Z20A; C)
85A15Z; D) 85Z15A; E) 90A10Z; F) 90Z10A.
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The zirconia grains are the brighter and the alumina grains are the dark ones. As it
can be observed for all the composites, a uniform microstructure was accomplished with
no evident agglomeration of the least present phase. For the ZTA composites, it was
reported that a limit on the zirconia content (16 vol%) would be advised in order to avoid
the formation of zirconia agglomerates [1], [9], [26] (Fig.2.7, section 2.2). However, in this
case, no agglomerates were detected for the 85A15Z with 15 wt% of zirconia, and even
for the 80A20Z composition that has 20 wt% of zirconia. Therefore, it is assumed that the
applied milling stage and spray drying successfully leads to the obtention of composites
with a fine, dispersed microstructure.

Although some small pores on the ZTA samples are detected, dense sintered
pieces were achieved, since the density values obtained are all above 98%.

The microstructure presented by every sample showed similarity with some
published results [12], [25], [131]-[133].

The mean grain size was estimated using an interception method. The calculated
values are exhibited on Table 4.7.

Table 4.7 - Mean grain size of each composite calculated by line interception method.

Mean grain size (nm)

Composition

Alumina Zirconia
80Z20A 359+12 353+3
85Z15A 340+7 36713
90Z10A 356+18 343+21
80A20z 455+17 251413
85A15Z 46310 234422
90A10Z 477+18 22314

Alumina presents a higher grain growth during sintering than zirconia, as it grows
freely, if the content of zirconia is below 5 vol% [134]. Thus, as expected alumina
presented an higher grain growth than zirconia [19]. However, the selected sintering
temperature did not allowed its excessive grain growth. The zirconia and the alumina
present on the ATZ samples have a similar grain size, while on the ZTA side the alumina
presents a higher grain growth in comparison with zirconia. This suggests that, on the
high content zirconia samples, the grain growth of alumina was constrained, due to the
encapsulation of its grains on a zirconia matrix. On the opposite, when alumina is in a

larger amount, the grain growth occurs more freely, while the zirconia grain growth is
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constrained. This pinning effect on the alumina matrix grain growth was already stated on
literature, for ZTAs with a content of zirconia ranging from 5-20 wt%, on a maximum
sintering temperature of 1500 °C [12], at 1450°C, 1550°C [10] and 1600°C [20].

4.1.4.4 Mechanical Properties

The densification upon sintering is also a crucial factor that positively affects the
mechanical properties of these materials. Accordingly to the obtained results of density for
these composites, enhanced mechanical properties were expected. The sintering
temperature could also provide an enhancement of hardness since it was reported that
this sintering temperature of 1400°C promotes the increasing of hardness and above it
this mechanical parameter starts to decrease [19].

The Vickers Hardness (HV10), fracture toughness and bending strength were
determined for all samples. The results obtained from the mechanical tests are shown on

the following Figure.
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Figure 4.10 - Mechanical properties of ZTA and ATZ composites: A) hardness, B) fracture toughness
and C) flexural strength.

Regarding the results obtained for Vickers Hardness, as expected, higher values
were achieved for the ZTA samples in comparison with the ATZ samples, as a result of
their higher amount of alumina, which is known to highly increase this property.

A good densification (above 97%, Table 4.6), lead to an improvement of the
hardness values of the ZTA samples, where 1846 HV was reached for the 90A10Z
composition. It was expected a decline on this mechanical property with the increase of
the amount of zirconia; however this is not verified, since there is a linearity on the values

of hardness on each ZTA composite. The 90A10Z would have the higher value of
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hardness due to its amount of alumina, and 80A20Z the lowest value. However, the latter
sample presents a value of 1837 HV. Thus, good results of hardness were achieved for
every ZTA composition, being definitely associated to a good densification, a uniform
distribution of microstructure and sintering.

Regarding the ATZ results, the hardness decreased from 80Z20A to 90Z10A, which
is according to the rule of mixture [2]. For the 80Z20A composition, it was obtained a
maximum value of 1483 HV; however, as it can be verified, the decrease in hardness was
not significant. It can be assumed that the sintering temperature (1400°C) and, again, a
good densification (above 98%), contributed to maintaining these values despite the
increasing amount of zirconia.

Although the hardness decreased with the increment of zirconia, the fracture
toughness showed an opposite effect by increasing with the amount of zirconia, as it was
already stated on literature [11]. The toughening enhancement is proportional to the
amount of transformable zirconia present in the composite. Thus, as expected, higher
values of fracture toughness were obtained for the ATZ samples.

The highest value attained was 5.13 MPa.m"? for the ATZ sample with the highest

amount of zirconia, 90Z10A, and as expected the lowest value (4.56 MPa.m"?

) was
obtained for the 90A10Z sample. However, the 80A20Z sample presents a slightly
increase of fracture toughness in comparison with 80Z20A sample. This can be due to the
different amount of yttria on the two compositions: the 2 mol% Yttria Stabilized Zirconia
used on the ZTA samples is more transformable than the 3 mol% Yttria Stabilized Zirconia
used on the ATZ samples. This surely contributed to this higher value for the 80A20Z
sample and the similarity observed between the values presented by the 85A15Z and
85Z15A samples, indicating that, although an higher amount of zirconia was present in the
ATZ samples which would indicate an higher fracture toughness of the composite, the
difference of the amount of zirconia was hindered by the transformability of the ZTA
sample, with the less stable zirconia. Thus, although the 80A20Z and 85A15Z samples
contained less zirconia, its superior transformability allowed this enhanced values for the
fracture toughness, as ZTA samples.

Similarly to fracture toughness, the flexural strength also increases with the
increasing amount of zirconia, thanks to its martensitic transformation [10] and, on the
contrary, with the increasing amount of alumina, this mechanical parameter shows a
decrease. Thus, as expected, the ATZ samples have a higher flexural strength in
comparison with the ZTA samples. The highest value achieved was 1394 MPa for the
80Z20A.
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However, it would be expected an increase of flexural strength with the amount of
zirconia on the ATZ samples which is not verified since a small decrease is observed
between the 80Z20A and the 90Z10A samples. In ceramic materials, a decrease in
fracture toughness as the flexural strength increases may occur. In this case, as the
fracture toughness increases with the amount of zirconia for the ATZ samples, the
opposite effect may be reflected on the flexural strength of these composites. The values
of density were analyzed and it was concluded that they did not affect this mechanical
property since good densification was achieved for all ATZ samples (above 96%, Table
4.6). The yttria content is the same for all the ATZ samples, thus the content of stabilizer
did not affected this drop in flexural strength. It can only be assumed that the alumina
content in the ATZ samples did not negatively influenced the flexural strength of the
composites; on the contrary, it appears to have a beneficial effect, as the 80Z20A
presents the highest value. This can indicate that a good balance of zirconia-alumina
content (80:20 ratio) and a microstructural homogeneity was achieved to maximize this
mechanical property. In Figure 4.11, this possibility is graphically explained.
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Figure 4.11 — Evolution of the flexural strength throughout various compositions of zirconia alumina
composites.

More compositions would be needed to confirm this possibility however; the
achieved results constitute a plausible explanation. In a market research for ATZ with
disclosed compositions, it was verified that, one of the most used composition is in fact
around 80:20 of zirconia-alumina [135], [136]. Thus it can be predicted that this
composition presents the best set of balanced mechanical properties, and therefore the

best results for flexural strength.
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As it could be verified by the X-ray analysis (Fig. 4.8) no new phase was formed so
it can be stated that the obtained results for the mechanical properties were only

influenced by the amount of each material used, density and granulometric distribution.

4.1.5 Accelerated Aging Test

In order to verify their aging resistance, the composites were exposed to water
steam in an autoclave at 134°C at 2 bar, as specified by 1ISO 13358 (2008). The results
obtained from phase quantification after X-Ray diffraction are displayed on the Figure 4.12
bellow.
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Figure 4.12 — Change in the monoclinic content of the aged composite samples with time during accelerated
aging tests in an autoclave (134°C, 2 bar).

It can be observed that the ZTA samples did not suffer any degradation since that
no monoclinic zirconia, which is an indicator of aging, was detected throughout the

duration of the test (96 hours). This is a clear indication that the presence of an alumina
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matrix did not only delayed the tetragonal to monoclinic transformation of zirconia [25],
[137] but completely hindered it.

As expected, the ATZ samples do not present the same behavior. It can be verified
that, for these composites, the degree of degradation increased with the time of exposure
and the higher amount of zirconia present on these samples made them more vulnerable
to aging, reaching a maximum content of monoclinic zirconia of 68.40% after 96 hours for
the sample 90Z10A. Among these samples, the best results were achieved for the
80Z20A sample, which presents the higher quantity of alumina.

Even though the zirconia on the ATZ samples have a higher content of stabilizer, it
was not enough to provide a full protection against hydrothermal aging. However, the
achieved values are in agreement with the ones specified on the ISO standard, that
require that the fraction of monoclinic zirconia after 5 hours at 134°C and 2 bar, must be
bellow or equal 25%. The results presented on Figure 4.12 show that after 5 hours of
aging tests, no monoclinic zirconia was detected for all the samples except for 90Z10A, in
which was detected only 1.3% of monoclinic zirconia.

In order to determine if the aging tests affected the mechanical properties of the
material, new mechanical tests were made on the aged samples. The obtained results are
displayed in Figure 4.13.
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Figure 4.13 - Mechanical properties of the aged composites throughout the duration of the aging tests: A)
hardness, B,1-2) fracture toughness and C) flexural strength.
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It would be expected a decrease in the mechanical properties with the increase of
the aging time since it was expected the formation of flaws like surface microcracks [25],
[137]. However, in this case, for every test the values were maintained even after 96
hours of aging. Even for the ATZ samples, in which monoclinic zirconia was detected up
to 68.4% (for 90Z10A sample) it was not verified a significant decline in the mechanical
properties after the aging tests, since the values achieved are close to those obtained
before aging tests (0 hours of aging tests). This is a clear evidence that, throughout the
duration of the aging tests, the degradation did not progressed to the bulk, which have
prevented the decay of the mechanical properties. So, it is assumed that, the monoclinic
fraction detected on the X-ray analysis is only present on the polished surface of the
samples and, remarkably, after 96 hours of degradation, no signal of serious degradation
was observed.

To confirm that the degradation did not expand to the bulk, the cross-section of the
sample with the highest content of monoclinic zirconia, 90Z10A after 96 hours of aging
tests, was observed by SEM. Several authors have already used this technique in order to
investigate the extension of Low Temperature Degradation (on zirconia and zirconia
composites) [7], [33], [35], [41], [50], and thus measure the thickness of the monoclinic
layer. The cross-section surface was polished, and covered with a conductive layer. The
obtained micrographs for two different magnifications are displayed on Figure 4.14.

Figure 4.14 — SEM images of the cross-section of the surface of the 90Z10A sample after 96 hours of
aging tests.

Accordingly to published results [33], [50], the monoclinic transformed region is
characterized by the existence of porosity, grain pull-out and intergranular fracture. While
the monoclinic region presents a disorganized, porous structure, the tetragonal fraction of
the sample is dense, and presents a smooth, continuous surface. As it can be observed,

the obtained surface of the cross-section is continuous, and no evident layer of porosity
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and grain pull-out, characteristic of the monoclinic fraction is verified. Therefore it can be
assumed that, the monoclinic zirconia detected after 96 hours of aging tests in this sample
(68.4%) is present only on the surface of the sample and presumably has around 0.5 pum
(which corresponds to two grain layers). This surface layer of monoclinic zirconia was not
deleterious to the mechanical properties of the samples, as the results showed no
significant decay in these parameters, after 96 hours of accelerated aging tests.

Low Temperature Degradation kinetics follow sigmoidal laws related to the
nucleation-growth process. The surface transformation can be fitted to a modified Mehl-
Avrami-Johnson (MAJ) law given by [7], [138]-[142]:

V,=1-(1-1V2)exp[—(bt)"] Equation (11)

where V,,° is the initial monoclinic phase fraction in the material before the aging test, t is
the aging duration, n is the MAJ exponent (or time exponent, which is a constant and
independent of the temperature) and b is a parameter that represents the temperature
dependence of the aging effect. It is reported that the n constant is different according with
the aging mechanisms, reflecting the proportion of nucleation or growth during this
deleterious transformation [140], [143] and it depends on the microstructure and chemical
composition of the material [144]. This exponent can vary from 0.3 to 4 [7], [140] and it
can be derived from the logarithm form from [142]:

1-V9,

In (ln (ﬁ)) = nin(b) + nin(t) Equation (12)

m

The n value can be calculated from the slope of the best regression line of the plot
In(In(1-V,/1-V,)) versus In(t). In order to understand these obtained results and this
mechanism, the n constant was determined for the ATZ samples, which presented
tetragonal to monoclinic transformation during the aging tests. The obtained plot is

displayed on Figure 4.15.
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Figure 4.15 - The In(In(1-Vm%1-Vm) vs In(t) plot for each ATZ sample. For 5 hours of aging tests, a 1%
monoclinic fraction value was applied for the 80Z20A and 85Z15A samples.

Table 4.8 - MAJ exponent obtained for each ATZ sample, from de slope of the regression lines from
Figure 4.15.

ATZ sample n

80Z20A 1.45
85Z15A 1.38
90Z10A 141

It was reported that a small value of n represents a higher contribution of the
nucleation phase (accelerated nucleation) to aging, while for values around 4, a
homogeneous nucleation and three-dimensional growth mechanism is dominant [142],
[144], [145]. Thus for values of n between 1 and 2, the growth rate of the monoclinic
phase is decelerated [144], [145], and it is also a one-dimensional process [141], [142].
The obtained values (R? >0.8) are in agreement with published results [141], [142], [144],
[146] and, therefore, confirm that the nucleation process, although accelerated, occurred
only in one dimension, the surface. New monoclinic nuclei were indeed formed, and
detected by X-ray diffraction (Fig. 4.12) however, there was not a growth process through
the bulk.

The obtained grain size, the uniform microstructure with no evident agglomeration
and the beneficial sintering temperature (1400°C) contributed to these exceptional results,
since a nanometric grain size (Table 4.7) and no visible agglomerations of the least
present phase (Fig. 4.9) leads to a better stabilization of the zirconia (agglomerations and

bigger grains of zirconia are more prompt to destabilize and lead to further tetragonal to
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monoclinic transformation). The relatively low sintering temperature applied (1400°C) was
already stated as an optimum temperature to enhance the aging resistance [19], [33].

In comparison with mechanical properties presented by the sintered samples, all the
aged samples had less than 2% of decay after 5 hours and a maximum of 10% of decay
was reached for 96 hours of aging, with every composite presenting a value higher than
500 MPa of flexural strength. These results are also in agreement with the requirements
of the ISO standard that states that, after 5 hours of accelerated aging, the residual biaxial
flexural strength should be higher or at least equal to 500 MPa and decrease no more

than 20% in the sintered composites.

94



CHAPTER 4 — Results and Discussion

4.2 Comparative Study between the two stabilized zirconias

The results achieved for the undoped composites, increased the motivation to
compare the two used zirconias, the 2 mol% Yttria Stabilized Zirconia (2YSZ) and the 3
mol% Yttria Stabilized Zirconia (3YSZ), regarding their mechanical properties and aging
resistance. The objective was to compare an already existing composite with a new one,
with the same proportions and a different zirconia.

The achieved results were analyzed in order to select the most promising ATZ.
Since the 80Z20A sample (with 3 mol% YSZ) was the composition with a better aging
resistance and the best set of mechanical properties, it was the selected composition to
replicate with a less stabilized zirconia.

The objective for this additional test was to add this less stable zirconia to alumina in
an new ATZ, in order to obtain enhanced mechanical properties (since it has less amount
of yttria, what makes it more transformable) allied to a similar aging resistance presented
by the 80Z20A, with the 3YSZ.

Therefore, a new 80Z20A sample with 2 mol% YSZ was produced under the same
conditions, and submitted to the same tests and characterizations as the previously
produced samples. This new composite was named 802YSZ20A (Fig. 4.16) and the
obtained results were compared with the 80Z20A results (presented on the section 3.1 of
this document and now named 803YSZ20A), and are showed in the following sections.

Selected ATZ

80Z20A

2 mol% Yttria

Composition Stabilized
Zirconia

New ATZ

802YSZ20A

Figure 4.16 - Addition of 2mol%Yttria Stabilized Zirconia to an 80Z20A composition previously defined
(802YSZ20A).
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4.2.1 Particle size distribution

The particle size distribution of the new composition with the 2YSZ was determined
and adjusted throughout milling to the particle size presented by its equivalent composite,
803YSZ20A. The obtained results are shown in Figure 4.17 and Table 4.9 bellow.

—— 803YSZ20A
—— 802YSZ20A

0.01 0.1 1 10
Size (um)

Figure 4.17 — Particle size distribution of the 80Z20A composites with different zirconias (3 mol% YSZ
and 2 mol% YSZ).

Table 4.9 - Mean diameter of the 80Z20A composites particles.

Composition Mean diameter (dso)
803YSZ20A 0.283
802YSZ20A 0.268

From the obtained size distribution, it can be verified that both results are
comparable, and the mean diameter of the 802YSZ20A particles is approximately 250 nm,
as it would be expected since that the commercial powders and the ZTA and ATZ
compositions previously characterized (section 4.1.2) present similar results.

It was then assumed that no agglomerations were present, and the suspensions
were therefore prepared to be spray dried. The pH of the suspension prepared with this
composition was also adjusted approximately 3 to achieve a deflocculated, stabilized
suspension in agreement with the potential zeta measurements (presented in section
4.1.1).
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4.2.2 Characterization of the spray dried powders with different types of
stabilized zirconia

4.2.2.1 Morphology

After the spray drying stage, the morphology of the 802YSZ20A granules was
observed by scanning electron microscopy. The obtained granules were compared to the
803YSZ20A ones, already presented on section 4.1.3.1 of this document, and displayed
in Figure 4.18.

Figure 4.18 - Obtained SEM images of the spray dried granules of each ATZ: A) 802YSZ20A; B)
803YSZ20A.

As it can be verified, the spray drying process successfully lead to an agglomeration
of the particles originated from the suspensions, by forming spherical and homogeneous
granules. The obtained granules of the 802YSZ20A composition have a similar diameter
to the 803YSZ20A granules (approximately 4 um), and it can be verified that the particles
which incorporate the granules are nanometric, and therefore, accordingly to the results
from the particle size distribution (Fig. 4.17).

At this point it was assumed that the spray drying procedure effectively led to a good
replication of the results for this new composition, and dense granules would lead to a

good densification.

4.2.2.2 Specific Surface Area

The specific surface area (measured by the B.E.T. adsorption isotherm) of the
802YSZ20A granules obtained by spray drying is 22.3 m?/g. The specific surface area is

very similar to the value presented by its homologous composite granules: 22.5 m%g (this
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value has already been presented on section 4.1.3.2 of this document). This similarity was
already noticed on the values obtained the commercial powders, where the 3YSZ and
2YSZ presented 25.6 m?/g and 24.9 m?/g, respectively. In comparison with these values,
the addition of alumina led to a decrease in the specific surface area. Therefore, since the
amount of zirconia is the same on both composites, the obtained values are in agreement

with the expected ones.
4.2.2.3 True Density

The obtained value of true density by helium pycnometer for the 802YSZ20A
nanoparticles is 5.034 g/cm®. This value is identical to the density value achieved for the
803YSZ20A particles (5.055 g/cm®) and approximated to the density value of tetragonal
zirconia (6.08 g/cm®) as it would be expected on a ATZ composite. Therefore, it can be
considered that dense nanoparticles were retrieved.

4.2.2.4 X-Ray Fluorescence

X-ray fluorescence was used to confirm the composition of the 802YSZ20A sample,
and assure the absence of any contamination. The results for this characterization are

summarized on Table 4.10 below.

Table 4.10 - Chemical composition of the 802YSZ20A composite powders.

%
Other

Zr0;  ARO3 Y03  HfOp oo

Composition

802YSZ20A 76.411 18.986 2.709 1.326 0.068

From the obtained chemical composition, it can be observed that, the hafnia content
is below 5% and all the oxides (except alumina and yttria) are below 0.5%, as it is
required on ISO 13356 (2008) [22].

The content of alumina and zirconia were detected in agreement with the defined

compositions.
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4.2.3 Characterization of the composites with different types of
stabilized zirconia

4.2.3.1 Density of the green and sintered pieces

As it was defined on the previous produced composites, two stages of pressing (UP
and CIP) besides sintering, were carried on the 802YSZ20A. The density of the green
pieces was measured geometrically while the density of the sintered pieces was
measured Archimedes’ Method. The obtained values were compared with the equivalent
sample, 803YSZ20A. The results are displayed on Figure 4.19 and Table 4.11.
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Figure 4.19 - Density values achieved after UP, CIP and sintering for the two ATZ: 802YSZ20A and
803YSZ20A.

Table 4.11 - Density degree of each ATZ after sintering.

Composition Density (%)
802YSZ20A 99.32
803YSZ20A 98.47

These results confirm the similarity between the two compositions, with very close
values of density (5.83 g/cm® and 5.78 g/lcm® for 803YSZ20A and 802YSZ20A
respectively). Once more, the sintering stage highly contributed to an increase in the
densification degree that reached values higher than 98%, relatively to the theoretical

values.
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Since the densification values were very close, it was assumed that the density
would not be a critical aspect that could influence the mechanical tests results.

4.2.3.2 Crystal Phases Composition

X-ray diffraction was used to confirm the absence of other possible phases that
could be formed during sintering, and verify the presence of tetragonal and monoclinic
zirconia. The obtained diffractogram was compared with the one obtained for the

803YSZ20A sintered sample and displayed below.

—— 802YSZ20A
—— 803YSZ20A
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Figure 4.20 - X-Ray diffractogram obtained for the sintered 802YSZ20A sample and compared with the
obtained for the 803YSZ20A (already presented on section 4.1.4.2).

The obtained results showed no other phase besides alumina and zirconia. It was
also observed that, even though the 802YSZ20A is a more unstable zirconia, no
significant peaks of monoclinic zirconia were detected (only one is nearly undetected,
around 28°). However, this is not a precarious factor, since it is derivate from the highest

transformability from this zirconia in comparison with 803YSZ20A.

100



CHAPTER 4 — Results and Discussion

4.2.3.3 Microstructure

The 802YSZ20A sintered sample was thermally etched and observed by scanning
electron microscopy, in order to evaluate its microstructure and determine its grain size.
The obtained micrograph was compared with the one obtained for 803YSZ20A sample
(already presented on section 4.1.4.3). The obtained images are displayed in Figure 4.21.
The mean grain size was also determined by line interception method. The calculated
values are shown in Table 4.12.

Figure 4.21 - SEM images obtained for A) 802YSZ20A sintered sample, compared with B) 803YSZ20A.

Table 4.12 - Mean grain size calculated by line interception method of the ATZ composites, 802YSZ20A
and 803YSZ20A.

Mean grain size (nm)

Composition

Alumina Zirconia
802YSZ20A 289+6 221+11
803YSZ20A 359+12 353+3

From the obtained images it can be noticed that a well dispersed microstructure was
achieved, without any evident agglomerates. No porosity was also detected, as it would
be expected since a good densification upon sintering was accomplished.

Regarding the grain size, the presence of zirconia as primary phase, hindered the
alumina grain growth during sintering, and similar grain sizes for zirconia and alumina
were achieved for both composites. However, in the new composite a decrease in grain
size is detected, mainly for zirconia. Even considering this fact, good results regarding
aging resistance were expected since a less stabilized zirconia is beneficiated by a

smaller grain size (larger grains become more unstable [8], [30]). Therefore it was
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considered that this grain size could benefit the aging resistance of the 802YSZ20A
composite.

4.2.3.4 Mechanical Properties

Mechanical tests were performed in order to evaluate how the yttria content would
affect the hardness, fracture toughness and flexural strength of the two ATZ composites.
The outcome for each test is displayed in Figure 4.22 and compared with the 803YSZ20A
results. This composition attained a good densification (reaching 99.32%) which allied to

its higher transformability, improved mechanical properties were expected.
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Figure 4.22 - Results obtained for Vickers Hardness, fracture toughness and flexural strength of the
802YSZ20A and 803YSZ20A samples.
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Regarding the Vickers Hardness results, a slight decrease is verified for the less
stable composite.

However, remarkable results are achieved for the fracture toughness. As expected,
since that we face a zirconia with less amount of yttria, and therefore more susceptible to
the tetragonal to monoclinic transformation, the fracture toughness was greatly influenced
by the stabilizer content. The 803YSZ20A sample presented a fracture toughness value of
4.88 MPa.m"? while the 802YSZ20A sample reached 7.94 MPa.m"2.

This increase in the fracture toughness can explain the decrease in the hardness
values. Even though it is not significant, it is suggested that, an increase in this parameter
could influence the hardness, and create a proportional decrease. Basically the improving
of the fracture toughness lead to a slightly decrease in the hardness of the composite.

Regarding the results achieved for flexural strength, an increase was confirmed for
the 802YSZ20A sample, since it is reported that the flexural strength also increases with
the transformability of the composite [10].

From these results it can therefore be confirmed that a less stable zirconia improves
the mechanical properties of the ATZ composites. The addition of the 2 mol% Yttria
Stabilized Zirconia effectively improved the 80Z20A mechanical properties which was one
of the objectives of this comparative study.

4.2.4 Accelerated Aging Test

The other objective of comparing the two types of zirconia was to analyze the aging
resistance of the less stable zirconia on an ATZ composite.

Therefore, the 802YSZ20A sample was submitted to an accelerated aging test, in
an autoclave (134°C, 2 bar) for 96 hours, like it has been performed on the initial ATZ and
ZTA samples. The monoclinic content was analyzed by X-Ray diffraction and the results
were again compared to the 80Z20A composite (with 3 mol% Yttria Stabilized Zirconia)
and they are presented on Figure 4.23.
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Figure 4.23 - Change in the monoclinic content of the aged ATZ composites with 2YSZ and 3YSZ with
time, during accelerated aging tests in an autoclave (134°C, 2 bar).

The outcome of the aging test showed that, the amount of yttria present on each
composite affected the t-m transformation rate after several hours of aging.

As expected, the amount of monoclinic zirconia after 96 hours on aging environment
was considerably higher on the 802YSZ20A, the less stable composite, reaching 70% of
monaoclinic zirconia. Therefore, even though 2 mol% Yttria Stabilized Zirconia was used in
the composition with the highest amount of alumina, it was not sufficient to hinder the
aging. However, the obtained results were comparable to the amount of monoclinic
zirconia in the 90Z10A composite (68%). Thus it can be assumed that an addition of only
10% alumina added had a beneficial influence in stabilizing the 2YSZ.

The Vickers Hardness, fracture toughness and flexural strength of the 802YSZ20A
composite was tested for the same period of time as the aging tests and compared with
the results of the 803YSZ20A composites, presented on Figure 4.13, section 4.1.5. It was
important to perform these tests, since it would give an insight of the sensibility of the

2YSZ and the extension of the degradation to the bulk. The results are shown on Figure
4.24.
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Figure 4.24 - Mechanical properties of the aged composites with the two stabilized zirconias,
3mol%YSZ and 2mol%YSZ, throughout the aging test: A) hardness, B) fracture toughness and C)
flexural strength.
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The results showed that even though the percentage of monoclinic zirconia detected
by X-ray diffraction was 70%, throughout the aging test the mechanical properties of the
802YSZ20A composite did not show a significant decrease. Similarly to the obtained
results for the different ATZ and ZTA compositions (Figure 4.13, section 4.1.5) the
mechanical properties tested did not change during the aging tests. Only the flexural
strength presented a slightly decrease, however it was not very pronounced, since only a
decay of approximately 6% was noticed after 96 hours of aging.

From these results, which are similar to the ones obtained previously for the ATZ
composites, it can be again assumed that the degradation on the 802YSZ20A composite
did not expand to bulk. Therefore, it is considered that the detected amount of monoclinic
zirconia (70%) in this composite is only present at the sample surface. It can be thus
suggested that the aging resistance of this sample, which is considered less stable, is the
result of a set of beneficial characteristics such as a good densification and a fine

microstructure without agglomerates.
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4.3 Doped Zirconia Alumina Composites

Two dopants were added to both ZTA and ATZ composites, with the purpose of an
improvement of their mechanical properties and aging resistance. The additive selection
as well as the achieved results and characterizations are presented in the following

section.

4.3.1 Selection of the additives

After characterize the mechanical properties and aging resistance of ZTA and ATZ
composites, it was decided to enhance the properties of these composites with the
addition of dopants.

The main objective was to apply two additives that are known for enhancing the two
crucial properties of these composites: mechanical properties and/or hydrothermal aging
resistance. All the tests were repeated and the results compared with the obtained for the
undoped samples to verify the behavior and changes caused by these additives. A
process of selection of additives to these composites was accomplished. The theoretical
background of the tested additives is presented in the section 2.4 of this document. In
Table 2.3 a summary of some published results is shown.

In order to improve the aging resistance, the chosen oxide was lanthana (La,Os).
This oxide has proven to highly decelerate the tetragonal to monoclinic transformation
with quantities as little as 0.1 wt%. Other factor that influenced this selection was the
retention of the mechanical properties, which means that even though the aging
resistance increases, it has no deleterious effect in the mechanical properties. This oxide
was already tested with alumina, but only in doping quantities. The goal is now to observe
the changes when added to a composite with higher quantities of alumina. Also, lanthana
is only now starting to be tested, differently from some stabilizing oxides that are already
well stablished such as chromia [11], ceria [73], and magnesia [63], [79]. This fact
increased the interest and motivation.

The selected amount of lanthana to add to the composites was 0.1 wt%, in
agreement with the results obtained by other authors that reported an enhanced aging
resistance with only this quantity of dopant [50].

On the other hand, to promote the increasing of the mechanical properties, tantalum
pentoxide (Ta,Os) was selected. This additive promotes densification which leads to the
remarkable results that have been published [65]. Higher values of hardness and fracture

toughness were achieved when compared with results obtained for the addition of the
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settled strontia [59], and for the titania [92], silica [95] and niobia [98]. Also, those results
were achieved with a very small amount of dopant, which was a positive factor for this
choice. It is also a motivation to examine the aging behavior of the composites with this
dopant since it is verified an odd variation on the amount of monoclinic zirconia (Fig. 2.14)
during the aging tests published [65]. Regarding these results, 0.35 wt% of Ta,Os was the
chosen quantity to add to these composites, since the tetragonal zirconia tends to
increase for amounts of tantalum pentoxide higher than approximately 0.22 wt%.
Considering that, the increasing quantity of this oxide maximizes the mechanical
properties, the selection was relegated to a higher value.

Subsequently to the obtaining of all the results and selection of the additives, the
two composites with the best set of properties, one from the ATZ side and other from the
ZTA side, were elected.

Between the ATZ compositions, the 80Z20A sample was chosen, since it presented
a higher aging resistance among the other ATZ samples (Fig. 4.12). Its mechanical
properties were also decent, presenting the highest values for hardness and flexural
strength.

All the ZTA samples did not underwent degradation during the aging tests, so the
choice fell on the mechanical properties. The selected ZTA composition was the 80A20Z.
The value of hardness was very consistent and both fracture toughness and flexural
strength results of this composition were better in comparison with the remaining
compositions.

Thus, on the basis of these results achieved for 80A20Z and 80Z20A, four new
compositions were produced, 80A20Z and 80Z20A both with tantalum pentoxide and
lanthana (Fig. 4.25). To investigate the effects of each dopant, these oxides were used in

separate compositions.

ATZ ZTA
Selected Selected
composition: composition:
80Z20A 80A20Z
ﬂ 4 new doped composites ﬂ
80Z20A + 0.1 wt% La,0O, 80A20Z + 0.1 wt% La,0,
80Z20A + 0.35 wt% Ta,O, 80A20Z + 0.35 wt% Ta, O,

Figure 4.25 - New doped composites derived from the results presented by the ATZ and ZTA
composites.
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These new composites were produced under the same conditions and submitted to
the same tests in order to compare the new results with the ones of the control group, the

undoped samples.

4.3.2 Suspension stability and particle size distribution

The isoelectric point for the lanthanum oxide and the tantalum pentoxide was
assumed from literature: for the lanthanum oxide the isoelectric point stands at a pH
around 10 [147] and the isoelectric point of the tantalum pentoxide is around pH 3 [148].

Alongside with the previous results for the zeta potential of the alumina and both 3
mol% YSZ and 2 mol% YSZ (section 4.1), a suitable pH was determined for the
preparation of the suspensions. Since the lanthanum oxide has an isoelectric point around
10, the suspension was stabilized at the same pH as previously (pH=3). The tantalum
pentoxide has an isoelectric point around pH 3 that required that the suspension had to be
slightly more basic. Thus the selected pH for the suspensions with Ta,Os was 5.

The particle size was also adjusted to the nanometric scale. After milling, the
suspension particles were analyzed and the particle size distribution of each composition
was determined. The obtained curves and mean particle diameter are displayed on Figure
4.26 and Table 4.13.

14 5 —— 80A20Z+T
---- 80A20Z+L
- —— 80Z20A+T

---- 80Z20A+L

10

Volume (%)

0.01

Size (um)

Figure 4.26- Particle size distribution of the doped composite particles.
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Table 4.13 - Mean Diameter of the doped composite particles.

Composition Mean diameter (dso)
80Z20A+T 0.274
80Z20A+L 0.310
80A20Z+T 0.229
80A20Z+L 0.243

From these results it can be confirmed that the milling process lead to a narrow size
distribution of the particles from the doped composition suspensions, within the
nanometric scale (around 250 nm).

For the lanthana doped composite particles it was verified a small increase in the
mean diameter which was probably due to the size of this added oxide that remained
unknown. However the mean diameter remained nanometric and it was not a significant

difference.

4.3.3 Characterization of the doped spray dried powders

4.3.3.1 Morphology

To confirm the achievement of spherical granules, similar to the ones observed for
the undoped composites, the retrieved spray dried powders were observed by SEM. The

collected micrographs are exhibited on Figure 4.27.
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Figure 4.27 - SEM micrographs of the granules of the doped samples obtained by spray drying: A)
80A20Z+T; B) 80A20Z+L; C) 80Z20A+L; D) 80Z20A+T.

As it can be verified, micrometric granules were formed during the spray drying
process. These granules are similar to those obtained for the undoped samples, with
diameters ranging from 4 pmto 7 um.

The granules are slightly irregular, and constituted by the nanometric particles that
were present on the spray dried suspension. These nanometric particles appear to be well
packed and there is also no evidence of hollow granules. However, the ZTA granules
present a slightly more regular surface than the ATZ granules. No fragmented granules

were noticed.
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4.3.3.2 Specific Surface Area

The specific surface area (SSA) of the obtained spray dried powders was
determined by the B.E.T. adsorption isotherm. The SSA values achieved are presented in
the following table.

Table 4.14 - Specific Surface Area of each doped composite powder.

Specific Surface Area

Composition (B.E.T.) (m’g)
80Z20A+T 22.3
80Z20A+L 22.2
80A20Z+T 18.4
80A20Z+L 18.4

As expected, it can be observed the ATZ powders have a higher specific surface
area than the ZTA ones. Again, a specific surface area around 22 m?/g is achieved for the
ATZ samples, which is in agreement with the previously obtained values (Table 4.2).
Regarding the ZTA composite powders, the addition of alumina, again, caused a
decrease on this parameter to, approximately, 18 m?g. Basically, these results are
accordingly to the expected, and it is verified that the addition of both Ta,Os and La,O; did

not affected this parameter.

4.3.3.3 True Density

The density of the obtained particles from doped composites was measured. The

attained values are summarized on Table 4.15.

Table 4.15 - Particles density for each doped composite measured by helium pycnometry.

Composition Density (g/cm®)
80Z20A+T 5.055
80Z20A+L 5.052
80A20Z+T 4.035
80A20Z+L 3.944

Just as expected, the ATZ nanoparticles exhibit a higher density than the ZTA ones,
due to their higher amount of zirconia. The obtained values are similar to the ones

presented by the undoped samples (Table 4.4, section 4.1.3.4) and thus it can be
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assumed that both additives did not influence the true density of the powders. From the
obtained values, it is expected that the nanometric particles (that constitute the granules)

are dense.

4.3.3.4 X-Ray Fluorescence

The chemical composition of the doped composites was analyzed through X-Ray
fluorescence. This characterization was important to determine the presence of impurities
and verify the presence of the additives in the composites. The retrieved contents of each

oxide are summarized on the Table below.

Table 4.16 - Chemical composition for each doped composite by means of X-Ray fluorescence.

Composition 80Z20A+T 80Z20A+L 80A20Z+T 80A20Z+L
(%)

Zr0O, 75.599 75.079 18.837 19.044
Al,O3 18.406 18.628 79.098 78.092
Y,03 4.154 3.663 1.103 1.073
HfO, 1.306 1.014 0.418 0.415
Ta,0s 0.3321 - 0.3716 -
La,0Os - 0.1086 - 0.0918

Other elements 0.061 0.063 0.054 0.046

From the results presented, it can be confirmed the presence of the additives, Ta,Os
and La,03, on both ATZ and ZTA composites.

Like the previous results obtained for the undoped samples, no major contamination
was noticed. The content of hafnia was below 5% for every composite and any other
oxide content (except alumina and yttria) was, as well, kept below 0.5%, as specified on
1SO13356 (2008) [22].

Also, the contents of zirconia, alumina and both additives, are in agreement with the

defined compositions for each doped composite.

113



CHAPTER 4 — Results and Discussion

4.3.4 Characterization of the doped sintered pieces

4.3.4.1 Density of the green and sintered pieces

A well densified material is a good indicator of good mechanical properties. Since
good densification was achieved for the previously produced composites, the same two
stages of pressing, uniaxial pressing (UP) and cold isostatic pressing (CIP), were
repeated for the doped samples, before sintering. The density values for each doped
composite, after each stage of pressing and sintering, are shown on Figure 4.28. The

densification degree relative to the theoretical values of density of alumina and zirconia

was calculated and presented in Table 4.17.
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Figure 4.28 - Density of the doped composites sintered pieces, throughout the different stages of

pressing and sintering.

Table 4.17 - Densification degree of the sintered doped composites.

Composition Density (%)
Fé 80Z20A 98.47
S
g 80A20z 98.05
80Z20A+T 98.64
3 80Z20A+L 98.98
§ 80A20Z+T 97.49
80A20Z+L 97.72
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It was again confirmed that after sintering, all the composites achieved high density
values with the ATZ samples, with zirconia as the main phase, reaching the highest
values (approximately 6 g/lcm®).

As the previous results for the density of the undoped composites (Table 4.6, and
4.11, sections 4.1.4.1 and 4.2.3.1, respectively) the calculated density degree was above
97% which confirms that the obtained composite pieces were fully dense and improved
mechanical properties were anticipated.

An increase in density was reported with the increasing amount of Ta,Os [65],
however, in this case it was not noticed.

Regarding the lanthana doping, no variation of the density [50] or even a poor
densification after sintering at 1500°C for 2 hours was reported [69]. This however was not
verified in this work, since a good relative density (higher than 97%) was achieved for both

doped compositions.

4.3.4.2 Crystal Phases Composition

X-ray diffraction was performed on the sintered doped samples to confirm the
absence of new crystalline phases, and also verify the zirconia phases present. The
obtained diffractogram for each doped composite is exhibit in the Figure 4.29, below.
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Figure 4.29 - X-ray diffractogram obtained for each doped composite after sintering.

From the obtained results, it can be confirmed that no other phase is present in the
doped composites besides alumina and zirconia.

However, monoclinic zirconia is detected for the 80A20Z doped with Ta,Os. It was
reported that this dopant increases the transformability of zirconia [65]. The presence of
Ta,Os causes an increase of the lattice distortion that destabilizes the tetragonal phase of
zirconia [149], [150]. Since it was used the less stabilized zirconia (2YSZ) in the
80A20Z+T composite, it could happen that, the addition of this dopant could have
destabilized the tetragonal zirconia. This was not verified in the ATZ doped with Ta,Os,
80Z20A+T that, in fact, have a larger amount of zirconia. In this case it can be assumed
that the 3 mol% Yttria Stabilized Zirconia used in the ATZ doped composite was less
susceptible to the destabilization caused by Ta,Os and the tetragonal phase remained
stabilized. Yet, this destabilization on the 80A20Z+T composite was not alarming since it
was determined, by Rietveld refinement, that the content of monoclinic zirconia is around

4.4%, and therefore just an outcome of the composite enhanced transformability.
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4.3.4.3 Microstructure

The doped composite sintered pieces were thermally etched and observed by

scanning electron microscopy. The obtained images for the ATZ and ZTA doped

composites are displayed in Figure 4.30 (A-D).
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80Z20A+L; C) 80A20Z+T; D) 80Z20A+T.

From the obtained images it is clearly noticed that the ZTA doped samples present
an irregular surface. The density of the ZTA samples reached slightly lower values
(around 97%) in comparison with the ATZ ones (higher than 98%). However, this value is
still an indicator of a good densification. Therefore it can be assumed that this porosity
was present only at the surface of the material.

From the obtained SEM micrographs, the mean grain size was calculated. The

outcome of this determination is summarized in Table 4.18.
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Table 4.18 - Mean grain size of each doped composite calculated by line interception method.

Mean grain size (nm)

Composition

Alumina Zirconia
80Z20A+T 289+18 244+13
80Z20A+L 357114 341+7
80A20Z+T 39315 280+2
80A20Z+L 319+19 248+19

As expected and verified for the undoped samples (Table 4.7, section 4.1.4.3), on
the ZTA doped samples the alumina grain growth stands out, and consequently hinders
the zirconia growth.

In the ATZ samples, the mean grain size remained similar for both alumina and
zirconia. This effect was also verified in the undoped ATZ composites. Regarding the
lanthana doping, it was reported that, such as density, it does not cause a significant
variation of the grain size [50] or decreases the zirconia grain size, due to the segregation
of La®*" at the zirconia grain boundary [69]. However, in this work, the ATZ doped with
La,O3 presented a coarser grain size than the Ta,Os doped one.

The alumina grains in the 80A20Z+T composite reached the highest mean grain
size (~393 nm) which confirms that the addition of this additive had a little effect in the
alumina size [65]. However, no excessive grain growth was noticed. In fact, the alumina in
the ZTA samples is smaller in comparison with the undoped ZTA composites, which
present values (higher than 400 nm), while the zirconia grains achieve higher grain sizes.
So it can be assumed that, in the ZTA samples, the pinning effect is present however it is
less pronounced, allowing zirconia grains to grow a bit more than what was previously
verified.

When faced with the surface porosity presented by the doped ZTA samples (Fig.
4.30 - A,C), a thermal analysis for each composite was performed to verify if the applied
sintering temperature (1400°C) was still adequate after the addition of this two dopants.
Even though the selected sintering temperature was suitable to the undoped samples, it
might have changed with the addition of La,O3 and Ta,Os and 1400°C was not enough to
fully densify and close the remaining porosity of these composites. The results from the
dilatometric analysis of these two ZTA composites were compared with the ones from the

undoped one (80A20Z, Fig.4.6, section 4.1.3.6) and they are present in the Figure below.
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Figure 4.31 - Dilatometric analysis performed on the doped ZTA composite powders.

From the obtained results it is confirmed that, a slightly higher sintering temperature
would have a beneficial effect on eliminating the surface porosity of the ZTA doped
composites. To achieve the same densification degree of the undoped ZTA samples, it
would be necessary a sintering temperature higher than 1450°C. However, the achieved
the densification degree was still acceptable (higher than 97%).

4.3.4.4 Mechanical Properties

To allow the comparison of the mechanical properties between the undoped and
doped composites, mechanical tests were performed under the same conditions. The
Vickers Hardness, fracture toughness and flexural strength results obtained for the doped
composites are shown and compared with the respective results for the undoped ones, in
Figure 4.32.
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Figure 4.32 - Mechanical properties of the undoped (80Z20A and 80A20Z) and correspondent doped
composites: A) hardness, B) fracture toughness and C) flexural strength.
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From the analysis of the obtained results, as expected, the ZTA composites, with
the higher amount of alumina, present the highest values for hardness. In contrast, the
ATZ composites have the highest fracture toughness and flexural strength, which is
characteristic of zirconia.

Regarding the achieved results for Vickers Hardness, a slight increase was verified
on both ATZ and ZTA composites doped with Ta,Os. This is in conformity with results
from a previous study that reports the increase of hardness with the amount of this oxide
(in a ZTA composite) [65]. In this work, the hardness enhancing is also verified in the ATZ
composites. It is reported that the Ta>* nano-size ions improve the cohesion between
grains [65], and consequently the hardness of the material.

The same tendency is also verified for the fracture toughness which highly increases
with the addition of Ta,Os. The same behavior is observed for both ZTA and ATZ
composites. It was previously mentioned that, the inclusion of this additive increases the
transformability of tetragonal zirconia. Since the enhanced fracture toughness presented
by zirconia has origin in the tetragonal to monoclinic transformation this was a beneficial
effect to this mechanical property. Surprisingly, the highest value of fracture toughness
was achieved for the ZTA composite: 5.38 MPa.m"? against 5.22 MPa.m"? for the ATZ
doped sample. This effect might be related to the amount of stabilizer in zirconia. The 2
mol% Yttria Stabilized Zirconia used on the ZTA composites could have been more easily
destabilized by the presence of Ta,Os, which highly increased its transformability.
Therefore, even though only 20 wt% of zirconia was present in this composite, the
addition with this dopant was enough to enhance this mechanical property that increased
from 4.88 MPa.m"? (on the undoped ZTA) to 5.38 MPa.m*?.

The flexural strength is also slightly influenced by the transformability of zirconia
[10]. The addition of this dopant promoted a small increase in the flexural toughness of the
ZTA composites (from 911 MPa to 956 MPa) which present lower values of this property,
due to their amount of alumina. In the ATZ composites even though the flexural strength is
higher in comparison with the ZTA ones, no significant increase was verified with the
Ta,Os addition.

In relation to the La,O3; doped composites, it was reported that this oxide does not
have a considerable effect in the mechanical properties, since it is reported to significantly
increase the aging resistance of zirconia [50], [69].

Regarding hardness, the obtained values are comparable to the attained results for
the undoped composites. The same trend is observed for both fracture toughness and

flexural strength. The obtained fracture toughness, in fact presents a slightly decrease in
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the ATZ (from 5 to 4.9 MPa.m"?) and increases in the ZTA composites (from 4.88 to 4.96
MPa.m"?). Therefore the obtained results are in agreement with published results, and it
is confirmed that the addition of lanthanum oxide does not significantly affect the

mechanical properties of both ATZ and ZTA composites.

4.3.5 Accelerated Aging Test

The aging resistance was expected to be affected by the addition of these additives.
The lanthanum oxide was expected to improve the aging resistance of the material by
slowing down the tetragonal to monoclinic transformation during the aging tests. On the
other hand, since the addition of Ta,Os increases the transformability of tetragonal
zirconia, a slightly increase in the monoclinic zirconia would not be a surprising fact.

The doped composites were submitted to aging tests, under the same conditions
applied for the undoped samples (134°C and 2 bar) for several hours. The monoclinic
content was quantified by X-ray diffraction after 5, 12, 24, 48 and 96 hours on aging
environment. The obtained amount of monoclinic zirconia for each time period was
compared with the results obtained for the undoped samples (Fig. 4.12, section 4.1.5).

The results obtained for the ATZ and ZTA samples are presented on Figure 4.33.
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Figure 4.33 - Change in the monoclinic content of the aged A) ATZ and B) ZTA doped composites with
time, during accelerated aging tests in an autoclave (134°C, 2 bar).
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Regarding the results obtained for the ATZ doped samples, it can be verified that
both additives were successful in delaying the deleterious transformation upon aging. All
the doped samples presented less than 20% of monoclinic zirconia after 96 hours of aging
tests, which is 30% less than the monoclinic amount detected by the undoped composite.

As expected the lanthana doped composites presented the lowest amount of
monoclinic zirconia throughout the aging test. This additive was used in these composites
for this reason since it has been reported that this ternary oxide, La®, like Y*, can
decelerate the tetragonal to monoclinic transformation by producing oxygen vacancies
[50], [68].

However, this resistance to aging is also verified in the Ta,Os doped composites. It
would be expected that these samples would be more vulnerable to aging since it is
reported that the Ta>" promotes a decrease in the concentration of oxygen vacancies, and
therefore causing an increase of the transformability of zirconia. This characteristic
explains the enhancement of the mechanical properties, especially the fracture toughness
of the composite. However, this mechanism is not clear. It was also reported that doping
zirconia with both Ta®* and Y*' (an stabilizer oxide) leads to an increase of both
tetragonality and stability [149]. In another study, it was also found that Ta®" stabilized
zirconia to its tetragonal form. The authors suggested that the Ta-O bonds formed are
strong enough to stabilize the tetragonal phase upon transformation, by hindering the
atomic rearranging [151]. Thus in this case, for the ATZ composites, the addition Ta,Os
promoted a stabilizing effect on the 3YSZ present. In this case, the grain size might have
also affected this property, since the zirconia presented a finer grain size in comparison
with the La,O; doped and undoped ATZ that presented zirconia grain sizes higher than
300 nm (Fig. 4.30, Table 4.18 and section 4.1, Fig. 4.9, Table 4.7). Thus it is also
suggested that, the grain size could have beneficially affected the aging resistance, since
smaller grains are more difficult to destabilize than bigger ones.

On the other side, in the ZTA composites, the tantalum doping clearly created a
destabilization on zirconia. From the X-ray data achieved for the sintered samples (Fig.
4.29) some monoclinic zirconia was already detected for the Ta,Os doped ZTA composite.
Throughout the aging test, that monoclinic amount increased, and stabilized around 10%.
Adding to the fact that the ZTA contain 2YSZ, it was observed that both doped composites
presented a slightly lower density than the undoped ZTA composites (Table 4.17 and 4.6
respectively). Also, the obtained SEM images of these samples (Fig.4.30 A,C) present
some porosity at the surface. Thus, one plausible explanation to the detection of

monoclinic zirconia in this doped ZTA composite is that, upon the aging test, the water
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species infiltrated easily through the pores, into the material. Even though the pores were
just superficial, the 2YSZ present on the surface was more easily destabilized, and
transformed to the monoclinic phase.

Since the La,O3 has a stabilizing function in zirconia, the same behavior is not
verified, and the monoclinic phase remained insignificant despite the surface porosity. The
addition of this oxide successfully stabilized the 2YSZ present on the ZTA samples even
in the presence of surface porosity. After testing the co-doping of alumina and lanthana, it
is then confirmed that this property is also maintained in the presence of an alumina
matrix, since no significant degree of degradation was detected on the ZTA composites
doped with this additive.

Again, to verify the extension of the degradation the remaining mechanical
properties of the doped samples after the degradation tests were analyzed. The results
obtained for Vickers Hardness, fracture toughness and flexural strength, are shown in the
Figure below.
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Figure 4.34 - Mechanical properties of the aged doped composites throughout the duration of the
aging tests: A) hardness, B.1-2) fracture toughness and C) flexural strength.

126



CHAPTER 4 — Results and Discussion

Similarly to the previous results, it is verified that the mechanical properties of the
tested composites are kept throughout the aging tests. Even the Ta,Os doped ZTA, in
which it was detected 10% of monoclinic zirconia, maintained all its properties until 96
hours of test. This is a clear evidence that, even though lower density and surface porosity
were achieved, it did not jeopardize the material’s integrity, and the degradation was
successfully stopped and restricted only to the surface material. These results support
the previous clarification, since a significant decrease in these properties would be
expected if the degradation expanded to the material bulk.

The flexural strength of the ATZ presented a highest decrease for the ATZ samples
however, it did not surpassed 8% of decay after 96 hours in deleterious environment.

Thus, from these results it can be verified that the La,O5 doping in fact increased the
aging resistance in comparison with the undoped samples. On the other hand, the Ta,Os
doping lead to outstanding results regarding the mechanical tests, and also provided
some aging resistance to the ATZ composites, which contained 3YSZ and have higher
density. Finally, thanks to a set of characteristics and used preparation methods, such as
the initial spray dried powders, pressing and sintering, the mechanical properties were
maintained after 96 hours of aging tests.
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4.4 Biocompatibility Tests

The biocompatibility behavior of these zirconia alumina composites was also tested.
Cell viability and proliferation assays were performed under the same conditions for every
composite produced in this study. The obtained results are presented in the following

sections.

4.4.1 Undoped samples

The cell viability/proliferation evaluated by MTT assays of MG63 cells for 1 and 4
days in the undoped samples is presented in Figure 4.35. This colorimetric assay
measures the changes in absorbance produced by a change of color proportional to the

number of viable cells.
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Figure 4.35 - Cell viability/proliferation of MG63 cells cultured on the undoped samples, for 1 and 4
days, evaluated by the MTT assay. A) Quantitative evaluation; B) Representative images of the
colonized composites, showing the formation of the insoluble dark blue formazan compound by viable
cells.

From the obtained results it can be verified that cell viability/proliferation increased
significantly from day 1 to day 4 for all the undoped samples, showing a high growth rate

during the culture time.
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The achieved values were similar in the three ATZ compositions analyzed and on
the ZTA compositions as well. Therefore it can be assumed that, from the separate
analysis of the ATZ and ZTA compositions, the differences in the zirconia and alumina
content did not induced changes in the cell viability/proliferation. However, when
comparing the results presented by the ATZ and ZTA composites, it can be verified an
increase in the cell viability in the ZTA ones.

MG63 cells grown on the ATZ and ZTA composites show the ability to produce
alkaline phosphatade (ALP), an important osteoblastic marker. Results are shown in
Figure 4.36. ALP activity, normalized to the total protein content, increased from day 1 to
day 4 in all composites. At day 1, the obtained values were similar in the ATZ and ZTA
samples, however, at day 4 ALP was slightly higher in the ZTA composites (Fig.4.36-A).
The histochemical staining of the enzyme (Fig.4.36-B) provided similar information. ALP is
a membrane-bound enzyme that begins to be synthesized earlier on the osteoblastic
differentiation pathway, showing a significant increase later, in more mature cells, playing

a significant role in the onset of matrix mineralization [152].
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Figure 4.36 — A) Alkaline phosphatase (ALP) activity of MG63 cells cultured on the undoped samples
for 1 and 4 days; B) Representative images of the colonized composites stained for the presence of
ALP.

The seeded materials were also observed by scanning electron microscopy and the
obtained micrographs at different magnifications are displayed below, Fig.4.37, 4.38 and
4.39.
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ATZ ZTA

Day 1 Day 4 Day 1 Day 4

Figure 4.37 - Representative SEM images of the undoped material samples cultured with MG63 cells
for 1 and 4 days (Bar=500 pm).
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o

Figure 4.38 - Representative SEM images of the undoped material samples cultured with MG63 cells
for 1 and 4 days (Bar=100 um).
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Figure 4.39 - Representative SEM images of the undoped material samples cultured with MG63 cells
for 1 day (Bar = 20 um).

The acquired SEM images of the colonized materials were in agreement with the
results observed in the MTT assay. The cell adhesion and the pattern of cell growth were
similar in all samples (Fig. 4.37 and 4.38). Cells were able to adhere to the material
surface, as seen in the images of day 1. Cells were randomly distributed on the material
surface and presented an elongated morphology. At day 4, a confluent and well-organized
layer of elongated cells was observed on the surface of all samples. The higher number of
adherent cells on the ZTA samples was clearly evident. High magnification images
showed that they established numerous cell-to-cell contacts and also a close interaction
with the material surface (Fig. 4.39).

Overall, these results are in agreement with the known biocompatibility of zirconia
and alumina ceramics, from both in vitro and in vivo studies [153]. Regarding ZTA and
ATZ composites, the few reported in vitro studies also points for a favorable cell response,
despite the diversity of experimental cell protocols and composite compaosition. Thus, no
deleterious effects were noticed on the proliferation and osteoblastic parameters of MG63
cells cultured on ZTA foams [112] and polished ZTA discs [99]. Also, MG63 cells grown
on polished samples of alumina and on a ZTA composite showed similar behavior for cell
morphology, cell proliferation and ALP activity [154]. Further, comparison of ATZ
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composites and titanium substrates yielded equivalent biological response regarding HOS
cells [155] and human osteoblastic cells [156].

However, comparative studies addressing ZTA and ATZ composites using the same
experimental cell protocol have not been reported. The results observed on the behavior
of MG63 osteoblastic cells cultured on the ZTA and ATZ composites prepared in this work
showed that cell adhesion on the ZTA composites was higher than that on the ATZ
composites.

Adherent cells, as the osteoblastic cells, are highly sensitive to the physicochemical
profile of the material surface. Alumina and zirconia are generally considered bioinert
materials. However, several changes occur at the microstructural level upon the producing
process of alumina and zirconia composites, depending on the relative percentages of the
two compounds. Thus, in the ZTA composites, the mean grain size of the alumina
particles was around 460 nm and that of the zirconia particles varied from 251 to 223 nm
(80A20Z to 90A10Z). Comparatively, on the ATZ composites, the mean grain size of the
alumina grains decreased to around 350 nm and that of zirconia particles greatly
increased attaining values around 350 nm. These changes would be reflected on the
surface roughness and topography of the composite as well as in the wettability,
parameters that are determinant factors in cell-material interactions. Additionally, the
zirconia granules were stabilized with 3 mol% of yttria on the ATZ composites and with 2
mol% of yttria on the ZTA composites, which is another variable that might affect cell
behavior, as will reported bellow. Further, high magnification SEM images of the polished
samples used in the cell culture experiments showed differences on the surface of the
ATZ and ZTA composites (Figure 4.40 below).

Figure 4.40 - Representative SEM images of the surface appearance of ATZ (80Z20A) and ZTA
(80A20Z) undoped material samples after 1 day in cell culture medium (Bar=10 pm).
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ATZ composites presented a very homogeneous and smooth surface while the ZTA
samples exhibited some surface porosity, and therefore the presence of abundant pitting
features. The ZTA topography is expected to offer increased anchorage possibilities to the
initial surface protein adsorption, the molecules that provide the polypeptide cues for the
cell adhesion through cell-surface receptors. This might contribute for the better cell
adhesion on the ZTA composite, a determinant factor for the subsequent proliferation and
differentiation events. However, the exact explanation for the relatively better cell
response to the ZTA composites was not identified, but the several factors mentioned
above might play a role.

A better characterization of the surface properties of both composites will be helpful

to clarify this issue.

4.4.2 Comparison between the two stabilized zirconias

The cell viability/proliferation and ALP activity of the ATZ composites with different
zirconias (803YSZ20A and 802YSZ20A) were also tested in order to investigate the role
of the content of yttria in this biological response. The outcome of these assays is

displayed on Figures 4.41 and 4.42.
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Figure 4.41 - Cell viability/proliferation of MG63 cells cultured on the 803YSZ20A and 802YSZ20A
samples for 1 and 4 days, evaluated by the MTT assay. A) Quantitative evaluation; B) Representative
images of the colonized composites showing the formation of the insoluble dark blue formazan
compound by viable cells.
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It can be assumed that the amount of yttria may affect the cell viability and
proliferation of the samples. The 802YSZ20A sample, which contains less yttria, presents
higher cell viability after one and four days in comparison with the ATZ with more yttria,
803YSZ20A. Also, ALP activity is slightly higher on the 802YSZ20A composite, at day 4,
as shown on Figure 4.42.
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Figure 4.42 — A) Alkaline phosphatase (ALP) activity of MG63 cells cultured on the 803YSZ20A and
802YSZ20A samples for 1 and 4 days. B) representative images of the colonized composites stained
for the presence of ALP.

The seeded materials were also observed by scanning electron microscopy after
one and four days in culture. The obtained Figures are displayed below.
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Day 1 Day 4
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Figure 4.43 —Representative SEM images of the 803YSZ20A and 802YSZ20A material samples cultured
with MG63 cells for 1 and 4 days (Bar=500 pum).
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Figure 4.44 - Representative SEM images of the 803YSZ20A and 802YSZ20A material samples cultured
with MG63 cells for 1 and 4 days (Bar=100 pm).

From the SEM images it is possible to observe a difference in the cell adhesion
between the two ATZ composites. The images are in conformity with the MTT assay
results, since after one day, the cell adhesion is more pronounced in the ATZ with less
yttria (802YSZ20A).

As described previously (section 4.2.3.3), the decrease on the percentage of yttria
from 3 mol% to 2 mol% in order to stabilize the zirconia greatly affect the microstructure of
the composites. The mean grain size of the zirconia particles in the 803YSZ20A is
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significantly higher (353 nm) than that observed in the 802YSZ20A (211 nm). This change
in the microstructure is expected to influence the surface properties, which would be
relevant in terms of cell response. The results suggest that the surface profile of the

802YSZ20A appears to be more attractive for the cell behavior.

4.4.3 Doped Composites

The MTT assay was also made on the doped composites, in order to investigate any
influences in the cell viability caused by the used additives. The achieved results for this
test are presented below.
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Figure 4.45 - Cell viability/proliferation of MG63 cells cultured on the doped composite samples for 1
and 4 days, evaluated by the MTT assay. A) Quantitative evaluation; B) Representative images of the
colonized composites showing the formation of the insoluble dark blue formazan compound by viable
cells.

From the absorbance measures of the MTT assay it is clearly noticed a decrease in

the cell viability presented by the ZTA composite doped with Ta,Os. However, the ATZ
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sample doped with this oxide presents the opposite behavior, reaching the highest value
of cell viability/proliferation among the ATZ samples. It was previously reported that Ta,Os
did not induce toxic effects on MC3T3-E1 cells when added to yttria stabilized zirconia
[66].

Both La,O; doped composites presented a cell growth similar to that on the
corresponding non-doped samples.

ALP activity assays were performed on these samples. Results for ALP activity and

staining are shown in Figure 4.46.
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Figure 4.46 — A) Alkaline phosphatase (ALP) activity of MG63 cells cultured on the doped composite
samples for 1 and 4 days. B) Representative images of the colonized composites stained for the
presence of ALP.

In the doped composites, the ALP activity increased from day 1 to day 4. Basically,
these results showed a tendency similar to that of the MTT assay. Compared to the
respective undoped composites, the obtained values were significantly lower in the ZTA
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composites doped with Ta,Os but slightly higher in the ATZ composites doped with this
oxide.

SEM images of the seeded material were also taken and displayed on Figures 4.47
and 4.48.
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Figure 4.47 - Representative SEM images of the doped composites material samples cultured with
MG63 cells for 1 and 4 days (Bar=500 pm).
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Figure 4.48 - Representative SEM images of the doped composites material samples cultured with
MG63 cells for 1 and 4 days (Bar=500pum and 20um).

It is confirmed from the obtained SEM images that the ZTA samples doped with
Ta,Os presented a poor performance, compared to the other samples. At day 1, only few
cells were seen on the surface, which increased little in number at day 4. Additionally,
cells showed a more rounded appearance and lower number of cytoplasmic processes
interacting with the material surface.

The remaining samples, including the ATZ composite doped with Ta,Os, presented
randomly distributed cells on the material surface with an elongated morphology. The high
magnification images obtained (Fig. 4.48) showed that they established numerous cell-to-
cell contacts and also a close interaction with the material surface. At day 4, a confluent
and well-organized layer of elongated cells was observed on the material surface.

To investigate the obtained difference in the cell viability assay presented by both
composites doped with Ta,Os, the wettability of these samples was investigated and
contact angles measurements were performed in the material samples. The obtained

images are presented in the next Figure.
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Figure 4.49 - Images obtained for the contact angles measurements on both composites doped with
Tax0s.

The obtained results show that the wettability of the ZTA sample doped with Ta,Os
has a considerable higher contact angle, which indicates that this sample is hydrophobic.
However, the ATZ sample is more hydrophilic, since it presents a smaller contact angle.

These results are in agreement with the ones obtained for cell viability, since the
80A20Z+T sample are hydrophobic, which might contribute to explain the low cell
attachment and proliferation in comparison with the 80Z20A+T sample.

The results presented in the section 4.3.4.3 showed that the doped composites
present some differences in the microstructure compared with the undoped samples. For
the ATZ composites, the mean grain size of the zirconia varied from 353 nm (undoped
samples) to 341 nm and 244 nm, respectively in the samples doped with La,Os; and
Ta,Os. The decreased grain size in the ATZ composites doped with Ta,Os would result in
changes in the surface properties, apparently favoring cell adhesion.

In the ZTA composites, doping with La,O3 or Ta,Os also introduced some changes
in the microstructure, as shown in section 4.3.4.3. Their surface presents a higher
irregularity and porosity in comparison with the ATZ ones. This porosity could be an
indicator of a good cell adhesion and proliferation since porosity works as anchorage sites
for cells. It can be verified that the La,O; doped ZTA presents high cell
viability/proliferation. However the same is not verified for the Ta,Os doped one, so the
present porosity was not the key factor in these results.

Regarding previous studies, there is no information on the cell response to ZTA
composites doped with Ta,Os. Thus, a detailed characterization of the surface properties
of the Ta,Os doped ZTA composite will be helpful in order to explain the poor cell

response observed in this specific sample.
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5. Conclusions and Future Work

In the orthopedics area, the demands for novel devices with higher success rates
are on point. A younger, active population, with higher life expectancy requires new
products, with reliable materials and designs.

The application of zirconia alumina composites to hip arthroplasty devices might be
the answer to these demands, since they eliminate some limitations in the performance of
the current used metallic or polyethylene parts. The higher fracture toughness of these
composites allows the manufacturing of thinner liners and bigger ball heads that provide a
higher range of motion. Also, its inert behavior reduces the adverse reactions that are
generated in the implantation of orthopedic devices.

However, these composites require a full control of their characteristics upon the
producing stage in order to maximize their mechanical properties, aging resistance and
therefore its reliability in vivo.

In this work several zirconia alumina composites with different compositions
presenting enhanced mechanical properties and aging resistance were successfully
obtained. Three compositions of ATZ composites, 80Z20A, 85Z15A and 90Z10A were
tested alongside with another three compositions of ZTA composites, 80A20Z, 85A15Z
and 90A10Z.

Nanostructured raw powders with a narrow particle size distribution allied with a
milling and optimized spray-drying stage allowed the achievement of micrometric dense
composite granules. Two stages of pressing (uniaxial and cold isostatic pressing) and a
relatively low sintering temperature (1400°C) were effectively performed to achieve high
density pieces (higher than 98%, and 97.5% regarding the theoretical values, for ATZ and
ZTA sintered pieces, respectively). Good mechanical properties were achieved with
relatively high values of fracture toughness and flexural strength for the ATZ samples, and
high values of hardness for the ZTA ones. In addition, an outstanding aging resistance
was obtained for both types of composites. Aging tests were performed and the amount of
monoclinic zirconia was determined for 5, 12, 24, 48 and 96 hours in an autoclave (at
134°C, 2 bar). The ZTA composites, with higher amount of alumina did not present any
signs of degradation after 96 hours of accelerated aging tests. Even though the ATZ
samples showed higher contents of monoclinic zirconia, it was demonstrated that the

degradation caused by the aging tests did not progressed into the bulk. The mechanical
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properties of the aged samples were tested for all periods of time of the aging tests. It was
found that they were not affected, presenting 2% of decay after 5 hours of aging tests, and
less than 10% after 96 hours. Even for the 90Z10A sample, which was the ATZ
composition presenting a higher content of monoclinic zirconia after 96 hours of aging the
mechanical properties were effectively maintained. The cross section of one piece of the
aged same composition was observed by SEM, and it was verified that no porosity or
grain pull-out was observed on the bulk sample. Therefore, from these evidences it was
assumed that the material successfully hindered the degradation and compelled it to the
material surface.

Two different types of stabilized zirconia (3 mol% Yttria Stabilized Zirconia, and 2
mol% Yttria Stabilized Zirconia) were also tested in a 80Z20A composition, for its
mechanical properties and aging resistance. The same spray-drying, pressing stages and
sintering parameters were repeated and similar densities and microstructures were
obtained. It was confirmed that a less stable zirconia presents better mechanical
properties, especially fracture toughness. A maximum value of 7.94 MPa.m*? was
achieved for the composition with 2 mol% Yttria Stabilized Zirconia, when the composition
with 3 mol% Yttria Stabilized Zirconia presented only 4.88 MPa.m"2. However, the aging
tests demonstrated that, as expected, this less stable zirconia is also more vulnerable to
Low Temperature Degradation, since a higher content of monoclinic zirconia was detected
(around 70%). Nonetheless, by the results obtained for the mechanical tests of the aged
samples, it was verified that, again, the mechanical properties were maintained in this
composite presenting only a decay of 6% for the flexural strength after 96 hours of aging
tests. This confirmed that, once again, even in the presence of a less stable material, the
material properties stopped the progression of degradation.

Two additives were used in both ATZ and ZTA composition that presented a better
set of mechanical properties and aging resistance: 80Z20A and 80A20Z. The additives
were selected in order to enhance two crucial properties of these composites: the
mechanical properties and the aging resistance. Therefore, Ta,Os (0.35 wt%) was chosen
to improve the mechanical properties and La,O; (0.1 wt%) for its reported enhancement of
the aging resistance of zirconia. It was found that no change in the density of the sintered
samples was detected with the addition of both dopants. However, some porosity was
detected on the surface of the ZTA samples. It was later found that the addition of these
additives delays the sintering kinetics and a higher sintering temperature would be
required to eliminate the remaining porosity. Despite this, the addition of Ta,Os

significantly improved all the mechanical properties of both ATZ and ZTA composites. As
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previously reported, the addition of La,O; did not produce a significant modification in the
mechanical properties. Regarding the aging tests, noteworthy results were achieved. In
fact, the ATZ composites with both additives presented a lower degradation degree, in
comparison with the undoped ones. However, the addition of Ta,Os destabilized the
2mol%Yttria Stabilized Zirconia present in the ZTA composites, and around 10% of
monoclinic zirconia was detected after 96 hours of aging tests. This destabilization could
have been caused by the surface porosity present on these samples. Again, for all aged
doped composites, the mechanical properties were tested until 96 hours of aging. The
results showed that, similarly to the composites tested previously, the mechanical
properties were maintained.

Finally, biocompatibility tests were performed in all produced composites. Cell
viability and proliferation assays for 1 and 4 days, showed that all the samples presented
a successfully cell adhesion and proliferation. The ZTA samples presented higher cell
adhesion and proliferation than the ATZ ones, with a higher amount of zirconia. The
amount of yttria also influenced this parameter, since for the ATZ with less yttria (2 mol%
Yitria Stabilized Zirconia) it was obtained a faster and higher cell adhesion and
proliferation than for the ATZ stabilized with 3 mol% of yttria. The doped samples
presented similar results to the undoped ones except for the Ta,Os doped ZTA, that oddly
presented a poor cell adhesion. It was then verified that this sample had a hydrophobic
surface, presenting a higher contact angle than the ATZ doped with the same oxide.
Therefore it was assumed that the poor cell viability was caused by some surface reaction
rather than the addition of Ta,Os. Fundamentally, the ZTA composites presented better
results than the ATZ ones, and these results might have been influenced by the
microstructure presented by each composite type, since it was found that, the ZTA
composites had favorable spots for cell attachment in their surface. However the addition
of Ta,Os induced changes in cell adhesion and proliferation on the ZTA composite, and
therefore, a more detailed characterization of this composite would be helpful to determine
the cause of these less satisfactory results.

The final conclusion is that, in this work, zirconia alumina composites with enhanced
properties were achieved. Several compositions were tested and the maximization of
properties was studied. Enhanced mechanical properties were achieved but the major
results were obtained for the Low Temperature Degradation resistance, since the
produced composites, with good density values and a fine microstructure completely
hindered the degradation of the materials, which allowed the maintenance of the

mechanical properties after 96 hours of aging tests. With the implementation of the
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additives, La,0O3; and Ta,Os, the monoclinic content on the materials surface was even
lower, especially for the ATZ samples. The addition of Ta,Os also improved the
mechanical properties, even for the ZTA sample, that showed a highly increase in its

fracture toughness.

Future Work

The results obtained in this study have returned a few suggestions for the
continuation of this work as well as the unrevealing of certain aspects that would clarify
certain results. Therefore, some future work is suggested.

The testing of more ATZ and ZTA compositions, such as 70Z30A or 70A30Z, is
suggested in order to fully investigate the ideal zirconia and alumina composition with
improvements on both mechanical properties and aging resistance.

An additional stage of hot isostatic pressing is also proposed to optimize the results,
by improving the densification (up to 99%) and in particular, to enhance the characteristics
of the ZTA composites.

Regarding the doped composites, it is also suggested the production of these
compositions with different amounts of these dopants, to find their optimal content.

Since the ATZ produced with 2 mol% Yitria Stabilized Zirconia was the less stable
composite, the addition of La,O3 in order to stabilize the zirconia and simultaneously
maintain its mechanical properties, is advised.

Finally, it was found that the ZTA doped samples would require a higher sintering
temperature to achieve a better densification. It is then suggested the production of these
composites with a higher sintering temperature and also to verify the effect of this

parameter on the remaining properties of the materials.
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