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Abstract

Zirconia is currently one of the most used ceramic materials in the dental field, this
is because as inert material its do not generate negative reactions in the surrounding tissue,
and good mechanical properties, in addition to this, they usually have a resistance
mechanism given by a change from tetragonal (-t) to monoclinic (-m) phase transformation,
making an expansion that allows to avoid the propagation of cracks and consequently
increases its resistance. Surface treatments can offer important advantages when applied
to prosthetic materials, treating the roughness of the surfaces allows the cells to change

their behaviour and have better or worse integration to the tissue

Within the aforementioned information the main objective of this master’'s thesis
consists on modify its topography by creating nano-roughness patterns in order to enhance
the cell adhesion. These samples were prepared by traditional routes, mainly by means of
the Cold Isostatic technique and subsequently sintered at 1450 °C. Afterwards, the surface
modification was conducted by using a nanosecond laser equipment. The created
topographical pattern consists on parallel lines with different interspaces of 30, 50 and 100
pum. Afterwards, the specimens were chemical etching with hydrofluoric acid at 20% and
40% in different times (15 minutes, 30 minutes, 45 minutes, 55 minutes, 2 hours, 3 hours
and 6 hours) in order to remove the pile-up at the vicinity of the laser pattern and at the same
time be able to create roughness at the nanometric length scale. Afterwards, the specimens
were microstructurally and mechanically characterized by means of advanced
characterization techniques, like: confocal laser scanning microscopy, X-Ray diffraction,

focused ion beam, among others.

The results showed that the pile-up created by the laser pattern is eliminated with a
chemical attack at 40% for 30 minutes. This concentration and attack time do not
compromise the mechanical properties of the samples, and do not promote a phase change
from tetragonal to monoclinic, however, wettability is affected, generating hydrophobic parts,

this as a consequence of the roughness that is created on the surface.
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Abstract

La zirconia es actualmente uno de los materiales ceramicos mas utilizados en el
campo dental, esto se debe a que como material inerte no tiene reacciones negativas en el
tejido circundante, y a sus buenas propiedades mecénicas, ademas de esto, suelen tener
un mecanismo de resistencia dado por un cambio de fase tetragonal a monoclinica,
generando una expansion volumétrica que permite evitar la propagacion de grietas y
consecuentemente aumenta su resistencia. Los tratamientos superficiales pueden ofrecer
importantes ventajas cuando se aplican a materiales protésicos. Tratar la rugosidad de las
superficies permite que las células cambien su comportamiento y tengan una mejor o peor

integracion al tejido.

El objetivo principal de este trabajo es modificar la topografia de muestras de
zirconia dopado con Ytria (3Y-TZP) para que se cree nano-rugosidad y se promueva la
adhesion celular. Estas muestras se prepararon mediante prensado isostéatico en frio y se
sinterizaron a 1450 °C. Posteriormente, la modificacion de la superficie se realiz6 mediante
el uso de un equipo laser de nanosegundos. El patrén topogréfico creado consiste en lineas
paralelas con diferentes espacios intermedios de 30, 50 y 100 um. El siguiente paso
consistié en un grabado quimico con acido fluorhidrico de concentraciones al 20% y 40%
durante distintos tiempos (15 minutos, 30 minutos, 45 minutos, 55 minutos, 2 horas, 3 horas
y 6 horas). Una vez realizado el ataque quimico, las muestras se caracterizaron
microestructuralmente mediante: método de Arguimedes (calculo de densidad) y
microscopia de barrido laser confocal (andlisis topografico de los patrones). Ademas, las
muestras elegidas se degradaron hidrotermalmente en vapor de agua durante 10 horas, y
seguido se realizé una caracterizacién microestructural (difraccion de rayos X) y mecéanica

(dureza Vickers).

Los resultados muestran que el amontonamiento creado por el patron laser se
elimina con un ataque quimico al 40% durante 30 minutos. Dichas concentraciones y
tiempos de ataque no comprometen las propiedades mecanicas de las muestras, y no
promueven un cambio de fase de tetragonal a monoclinica, sin embargo, se afecta la
mojabilidad generando muestras hidrofébicas, esto como consecuencia de la rugosidad que

se crea en la superficie.
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Abstract

La zirconia és actualment un dels materials ceramics més utilitzats en el camp
dental, aix0 es deu al fet que com a material inert no té reaccions negatives en el teixit
circumdant, i a les seves bones propietats mecaniques, a més a més, solen tenir un
mecanisme de resistencia donat per un canvi de fase tetragonal a monoclinica, generant
una expansié volumetrica que permet evitar la propagacio d'esquerdes i consequientment
augmenta la seva resisténcia. Els tractaments superficials poden oferir importants
avantatges quan s'apliguen a materials protetics. Tractar la rugositat de les superficies
permet que les cel-lules canviin el seu comportament i tinguin una millor o pitjor integracio

al teixit.

L'objectiu principal d'aquest treball és modificar la topografia de mostres de zirconia
dopat amb Ytria (3Y-TZP) perque es crei nano-rugositat i es promogui I'adhesié cel-lular.
Aquestes mostres es van preparar mitjancant premsat isostatic en fred i es van sinteritzar a
1450 °C. Posteriorment, la modificacio de la superficie es va realitzar mitjangant I'iis d'un
equip laser de nanosegons. El patr6 topografic creat consisteix en linies paral-leles amb
diferents espais intermedis de 30, 50 i 100 um. El seglient pas va consistir en un gravat
quimic amb acid fluorhidric de concentracions al 20% i 40% durant diferents temps (15
minuts, 30 minuts, 45 minuts, 55 minuts, 2 hores, 3 hores i 6 hores). Un cop realitzat l'atac
quimic, les mostres es van caracteritzar microestructuralment mitjancant: el metode
d'Arquimedes (calcul de densitat) i la microscopia de rastreig laser confocal (analisi
topografic dels patrons). A més, algunes de les mostres es van degradar hidrotérmicament
en vapor d'aigua durant 10 hores, i seguit es va realitzar una caracteritzacié microestructural

(difraccio de raigs X) i mecanica (duresa Vickers).

Els resultats mostren que l'apilament creat pel patré laser s'elimina amb un atac
guimic a I'40% durant 30 minuts. Aquestes concentracion i temps d'atac no comprometen
les propietats mecaniques de les mostres, i no promouen un canvi de fase d'tetragonal a
monoclinica, tot i que afecta la mullabilitat generant mostres hidrofobiques com a

conseqléncia de la rugositat que es crea a la superficie.
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1. Background

Different cultures over the years have used different materials such as dental
implants or to relieve dental pain, this is how we can go back to times like 600 BC where it
is known that the Mayan civilization was one of the first to work with dental implants, they
used shells to replace teeth. Around 2500 BC the Egyptians used gold wires to try to alleviate
and support dental pain. On the other hand, in Europe around 19" century, different
materials such as gold, porcelain, silver, iridium tubes, among others, were studied as
models of prostheses, however, these were rejected by the body, since they could not
adhere properly to the bone [1]

It was not until 1965 when the first dental implants were implemented, this new
design was discovered by Dr. P. Branemark [1], who in 1952 noticed how titanium (Ti)
implants placed in the femur of a rabbit adhered in such a way that the fracture did not occur
between implant and bone. However, the fracture occurred, bone and bone due the
ceramic/ceramic counterpart. He took this idea with him to the dental area and refers to the
concept of osseointegration in order to enhance the good union between the bone and the
implant [1][2]. In this sense Zirconia is currently one of the ceramic materials most used in
the dental field as a prosthesis, due to its biocompatibility and good aesthetics, these two
properties being better than those of Ti. Despite this, zirconia has little bioactivity, making it
difficult for implants to osseointegration with the tissue, for this reason surface treatments

must be done in order to promote bone regeneration[3] .

The superficial treatments lead to increase the roughness by changing the surface
topography. This change has an important effect on protein absorption and cell adhesion.
In others words- this is how surface functionalization can contribute to cell adhesion,
morphology, migration and proliferation-[4] . Currently, there are many surface treatments
that leads to modify the surface roughness of a material; mainly divided in three different
categories: mechanically (grinding, sand blasting, etc), chemically (etching, etc) and
thermally( plasma spraying, laser treatment, etc) .[3][4] However, many of them are good
when they are implemented on a metal surface, when the surface is ceramic as in the case
of Zirconia, they can induce defects (for example, voids, phase transformation, etc.), for this
reason more innovative treatments such as laser are used, which reduces the area affected

by local heat treatment without affecting the mechanical integrity of the material [4] On the
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other hand, chemical attack is used a lot to modify roughness, allowing the bone to have a
better adhesion to the implant.[5]

2. Motivation

Dental implants have become of greater interest in the dental industry. There has
been an increase in the number of patients who attend dental treatments and who demand
not only quality products but also good aesthetics. One of the most important areas of study
is the osseointegration of the implant and its durability, which has led to the study of surface

treatments and new materials in implants.

Zirconia-based materials have become of special interest in the use of dental
implants. These technological ceramics have mechanical properties, low corrosion and good
biocompatibility, which are able to compete with traditional titanium implants. On the other
hand, there are superficial treatments that can increase the osseointegration of these
ceramics and have an impact on the bacterial response of the implant. The techniques that
can be used to modify the roughness of these implants are very varied, and range from
moadifications by sandblasting, to chemical attacks and biofunctionalization, there is also the

possibility of combining surface treatments in order to reach an ideal topography.

The present work aims to contribute knowledge to superficial treatments in zirconia-
based material. The laser patterns and chemical attacks to create surface conditions that
improve osseointegration by creating roughness and nano-roughness on the surface. This
is how laser patterns and chemical attacks are the main techniques of interest to create
surface conditions that improve osseointegration, creating roughness and nano-roughness

on the surface, without the mechanical properties being greatly affected.

Personally, | am very pleased to be able to participate in a project like this, not only
because the biological area is of special interest to me, but also because of the opportunity
to contribute the knowledge learned during the master, and above all to be able to learn a

little more on the health sector.
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3. Structure of the project
Chapter 4. Introduction

This chapter is a review of zirconia-based ceramic materials and their properties,
with a focus on their applications in dentistry. Moreover, the biocompatibility of zirconia is

widely explained.
Chapter 5. State of the art

The current status of the three relevant topics of this work: zirconia-based materials,
surface modification treatments, and cellular response to implant materials. The analysis
made is based on the trend that these topics followed during the last 20 years in terms of

the number of published papers.
Chapter 6. Objective
In this chapter, the aims and scope of the project are presented.
Chapter 7. Experimental methods

This chapter includes a detailed explanation of the material used and the
experimental procedure followed during the preparation of the samples. The techniques and
parameters selected for the surface modification of the zirconia samples are presented. In
the last subsection, the characterization techniques used in the project are described, which
includes microstructural and mechanical characterization and the evaluation of the cellular

response to different surfaces.
Chapter 8. Summary of the main results and discussion section

Chapter 5 summarizes the main findings. The results and discussion of the
microstructural and mechanical characterization before and after the surface treatment are
presented. Furthermore, the finding obtained concerning the cell-behavior study are

included.

Chapter 9. Environmental impact
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Study of the main studies that generate waste, imply high energy consumption and

waste of water

Chapter 10. Budget

Projection of the costs involved in preparing the project
Chapter 11. Conclusions

General conclusions and perspectives are summarized.
Chapter 12. Future work

Finally, the different possible tracks to be followed after this project are presented.
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4. Introduction

Zirconia Ceramic

4.1. General information

Zirconium is a metal with similar mechanical properties to Titanium, both metals are
attractive in dentistry because they do not prevent the formation of bone cells (osteoblasts)

on their surface[6].

Zirconium oxide or better known as Zirconia (ZrOz) began to be used as a biomaterial
from 1970 and in the dental industry from 2004, in the use of dental crowns and bridges
application. Garvie was the one who began to develop Zirconia as an engineering material,
taking advantage of the transformation of partially stabilized Zirconia from tetragonal to

monoclinic, which improves the mechanical properties and toughness|[7]

4.2, Microstructure

Zirconia is a polymorphic organism, and has three phases: Monoclinic, tetragonal,

and cubic.

Zirconia is a polymorphic ceramic, and has three phases: monoclinic, tetragonal, and
cubic. Each one of these is stable at different temperatures, the Monoclinic phase is stable
at room temperature up to a temperature around 1170 ° C, above this temperature, the
change to a tetragonal phase begins, and between the temperature of 2370 ° C until the
melting temperature the change to cubic phase begins [6][8]. The phase change from a
tetragonal structure to a monoclinic structure is critical in pure Zirconia ceramics, it takes
place during the cooling around 850° C. This transformation begins on the surfaces of
polycrystalline ceramics and has properties of an isothermal martensite [6][9][10], it happens
without any type of diffusion, the atoms are repositioned immediately and simultaneously,
this brings a volumetric expansion between 3-4%, this volume expansion generates residual
stresses that promote cracks in pure zirconia ceramics making them more brittle and useless

for structural application[6][10].
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Figure 1. Cubic, Tetragonal and Monoclinic, structure of Zirconia respectively [10]

4.3. Tetragonal to Monoclinic phase transformation

The transformation from tetragonal to monoclinic phase is of utmost importance, as
a consequence to this phase change exist an improvement in crack propagation resistance

is generated and causes a phenomenon of hydrothermal degradation[10].

The use of Zirconia was limited only to non-structural applications as refractories,
due to the problems associated with its phase change during cooling. In 1975 it was
discovered that the tetragonal phase can be retained at room temperature if stabilizing
oxides are used, with which Zirconia begins to be of interest in engineering[10]. The
transformation from tetragonal to monoclinic phase can be defined thermodynamically in

terms of the change in free energy[10][11]:
AGim = AGE + AU, + AU Q)

o AG¢, is the difference between the free energy of the tetragonal and
monoclinic phase. It is the driving force of the transformation and depends
on the temperature and composition (vacancies).

e AU, (>0), is the energy change due to the formation of new surfaces during
transformation (the cracks and interfaces of monoclinic variants).

e AU (>0), is the energy associated with the change in volume and shape.
This parameter is affected by the elastic properties of the particle and the
matrix that surrounds it, as well as internal and external stresses.
Compressive stresses (hydrostatic) oppose the volume change that takes
place in the transformation, while shear or traction stresses favor the

transformation.
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On the other hand, as we already know, the transformation is martensitic, so three
types of deformations are needed for this change to occur: (I) a deformation in the network,
in the case of Zirconia, corresponds to the volumetric change (always positive ~ 4%) that
occurs between the tetragonal and monoclinic phase; (II) an invariant network shear
deformation (twinning and sliding), in the case of Zirconia this shear is 0.16, which is
associated with a 9 ° shear deformation in the tetragonal ¢ axis that corresponds to the B
angle in the monoclinic phase; (Ill) Finally there is a rotation that guarantees that the habit
plane is not rotated.[9][10][11]

In zirconia the deformation of the lattice is related to the correspondence that exists
between the axes of the monoclinic cell and the “c” axis of the tetragonal phase. These
correspondences Suggested by Kayakawa[12] establish that A, B and C are responsible for
relating the vectors of the unit cell of the monoclinic and tetragonal phase, in the tetragonal
phase these vectors form an orthogonal system, on the other hand in the cell monoclinic,
the B angle between the vectors “a” and “c” is ~ 99 °, so that not always between the
correspondences of the two phases, there will be a pair of parallel vectors. Therefore, for
each network correspondence there are only two variants, so there are six possible
orientation relationships: A-1, A-2, B-1, B-2, C-1, C-2.[10]

Correspondence Correspondence Correspondence
BCA CAR ARC
ELPS bm Cin

*
€ _ﬁ i
by Cm

OR A-1 OR B-1 OR C-1
(00 ) =11 (01, (UL )y, =11 TN, (I}, 01 (0D 3,
[ 1MRL, 11 [O0T], [RLU e (LA [ 10, 01 [10000],
(0D, 1 (100 ], L], 11 [ ], (010, -H [010],

OR A-2 OR B-2 OR -2
[ D0MY by =M (DOD ], { LN, =11 {010, {10 b, =10 £ 1M,
[ ¥ ], =M [D0], [0 ], =1 10N, [0 ]y, =11 [0,
(010, ~B [100], 00Ny, =1 [N ], (000, 11 [T

Figure 2. Different possibilities of correspondence of the red in the tetragonal-monoclinic transformation. [13]
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4.4, Toughening mechanisms

Zirconia-based materials manage to increase its toughness through the phase
change from tetragonal to monoclinic, and this can be done in two ways: (I) stress-induced

transformation toughening and (II) micro-cracking toughening.

4.4.1. Stress-induced transformation toughening

The transformation from tetragonal to monoclinic phase in Zirconia ceramics is
activated by the stress at the tip of the crack, basically, this transformation occurs
instantaneously accompanied by an expansion which generates residual compression
stresses. The stresses generated by the crack and the stresses generated by the
deformation, interact with each other and this manages to dissipate the energy necessary
for the propagation of the crack, thus giving it extra toughness, in addition to the intrinsic

nature of the material. [13]

For this phase change to occur at the tip of the screed, it must be stated that: there
must be a metastable phase in the material that can be brought to a more stable phase
thanks to the pressure field applied by the crack, the transformation must be instantaneous,
there must be a change in volume or shape as a result of this phase change, and it is the

latter condition that is directly responsible for the toughening [14]

Particles changing from tetragonal
Lging 54
to monoclinic -
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Figure 3. Stress-induced transformation toughening [7]
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As we can see in image 7 at the beginning, the frontal area of advancement of the
crack must not contain any defect, so it will propagate without toughening, however, as the
crack begins to expand, a hysteresis process is experienced and that is when it begins the
toughening develop [15]

4.4.2. Micro-cracking toughening

Microcracks occur due to local residual stresses, which in turn are caused by the
volumetric expansion that takes place during the transformation from tetragonal to
monoclinic. These microcracks are activated and formed throughout the macro-crack, and
these serve to relieve residual stress locally. [15] The appearance of microcracks have
different effects on the material, for example, microcracks cause anisotropy in elastic

properties, increase in non-linear elastic deformation and contribute to plastic properties.[16]

Translormation zone

Crack

Extended zone
Asympiote, 0.22Ee "1 vAr(1-v)

AK‘- —
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0
Fromal zone Aah

Transiormation zone
Crack

Figure 4. Microcracking toughening [15]

5

4.5, Stabilization of Zirconia

As mentioned, the phase changes between monoclinic, tetragonal and cubic also
bring changes in the mechanical properties of Zirconia, this has become of special technical
interest because they have managed to improve the mechanical and chemical properties of

materials fabricated from stabilized Zirconia. [17]
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Zirconia in the monoclinic phase is brittle and has little toughness, on the other hand,
in its tetragonal phase the mechanical properties are much better, so it is stabilized by
allowing pure Zirconia it with other oxides, this allow stabilize high-temperature phases at
low temperature [9]. The overcrowding of oxygen around the Zr atoms at low temperatures
generates internal strains that are relieved by the transformation to a monoclinic structure.
The addition of dopants that usually have a higher cation radius and lower valence replace
Zr** and generate oxygen vacancies in order to maintain charge neutrality. For example,
using Y203 as a dopant, its cations with a radius greater than that of Zr+4 will generate an
oxygen vacancy for every two yttrium ions, thereby relieved internal strain, allowing a stable

tetragonal structure at room temperature. (see figure 5) [18]

- &f o ch
d >a © z"
© Q| - { :
&oo o gxygen
T Y,0,
zro, 2

vadancy

YSZ (Yttria-Stabilised Zirconia)
Cubic Fuorite Structure

Figure 5. Oxygen vacancies formation into the ZrO2 lattice through the addition of Y203 [19]
It is also possible to stabilize the Zirconia through: network distortion, due undersized

trivalent dopants, which compete with Zr cation for oxygen vacancies; the expansion
network, this occur with oversized tetravalent dopants, due the significant difference in the

distance between dopant -O and Zr-O; strong bonds with oxygen [18]

Depending on the dopant and the type of stabilization, Zirconia materials are

classified into:

1. Dispersed Zirconia Ceramics (DZC): They are basically materials that
are composed of having a tetragonal Zirconia dispersion in the ceramic
matrix, their toughness depends on the dispersed tetragonal phase. A

good example of this is ZTA (ZrO; Toughened Alumina) [10]
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2. Partially stabilised zirconia (PSZ): consists in a precipitation of
tetragonal or monoclinic states embedded in a cubic matrix. They are
obtained using high concentrations of stabilizing oxides such as
magnesia or calcia (8-10 %mol) and sintering at high temperatures
(~1600°C) [10][18]

3. Tetragonal zirconia polycrystals (TZP): They have a tetragonal
structure, and depending on the amount of dopant it can also contain a
cubic structure as secondary structure. These ceramics have high
fracture toughness due to the transformation from tetragonal to
monoclinic phase that is generated throughout the propagation of a crack.
This is generally stabilized with Yttria and Cerium oxides[10] [18], 3 mol%
Yitria is commonly used to stabilize tetragonal zirconia at room
temperature (3Y-TZP), and it is one of the most common dopants due to
its good biocompatibility high mechanical properties. However, it is
susceptible a low-temperature degradation phenomenon (LDT), in which
tetragonal grains suffer a spontaneous transformation to a monoclinic

phase in the presence of humid.[18]

“—~

Figure 6. Typical microstructures of the three common forms of TTZ alloy: (a) TEM micrograph of t precipitates in Mg-
PSZ; and SEM micrographs of (b) Y-TZP and (c) ZTA. In (c), the ZrO2 grains are in bright contrast [20]

In addition to temperature, there are other parameters that affect the stability of the

metastable phases at room temperature, these parameters are [21]:
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e Grain/particle size: The transformation from tetragonal to monoclinic
phase occurs at the grain boundaries, so it is necessary to have a critical
grain size associated with the surface energy that allows the volume
change during the phase transformation. [22]

o Dopant content and distribution: The greater amount of dopants implies
greater stability of the tetragonal and cubic phases at room temperature. On
the other hand, the heterogeneous dispersion of dopants will allow areas
with higher concentrations of monoclinic phase.

e Porosity and humidity: Pores on the surface increase the ceramic's
contact with humidity, and this destabilizes the tetragonal phase

o Residual stresses: Compressive stresses favors the tetragonal structure,

while tensile and shear stresses favor the monoclinic structure.

4.6. Hydrothermal degradation

Zirconia hydrothermal degradation at low-temperature (LTD) or aging is a
spontaneous phenomenon triggered by a humidity environment, steam or fluids. This aging
process brings many consequences as the surface deterioration, microcracks and decrease
resistance in a medium and long term periods. This phenomenon begins through a
mechanism of stress corrosion which affects the surface particles individually, generating a
spontaneous transformation towards the monoclinic phase. The initial transformation of
certain particles may be related to an imbalance due to: large patrticle sizes, presence of the
cubic phase, low content of dopants, specific guidance from the surface, residual stress,
among other effects. The particles affected by LDT begin to increase in volume and create
internal stresses that result in subcritical crack growth (SCG), where the water penetrate
into the material, then the transformation begins to take place in the bulk. (see figure 7)[9]
[22]

Several different mechanisms have been proposed by which the transformation may

proceed. However, the following facts are characteristic of the transformation: [23]

e At temperatures between 200-300 ° C the degradation process intensifies
e The appearance of micro and macro cracks along the grain boundaries
e Smaller grain sizes and high amounts of the stabilizing dopant retard the

transformation
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e The transformation takes place from the most superficial to the deepest and

the degradation increases with aging

(a) (b)

H \ Stress accumulation (variation of Ally)
t and/or

‘,—-'—"" Decrease of AG,

() (d)

Figure 7. The steps of the low-temperature degradation process: from chemical interactions towards surface uplifts and
microcracking. (a) Diffusion of water species (here OH) into the lattice via oxygen vacancies and (b) resulting change of
lattice parameters. (c) Nucleation and (d) growth of monoclinic phase (in grey) from grain boundary to the interior of one
grain (top view on the left, and cross section on the right). (e)—(g) Nucleation and growth at the microscale: simultaneous
apparition of new monoclinic nuclei and extension of the existing ones (top view on the left, and cross section on the
right). The transformed zones are protruding from the surface. For a given surface monoclinic content, microcracks (in
blue) are formed. (h) Surface entirely transformed: the transformation then proceeds to the bulk because water can
penetrate through microcracks network and underlying tetragonal grains are in tension (arrows indicate the nature of
the stress) [9]
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In Y-TZP materials hydrothermal conditions (140°C - 260°C) lead to the
transformation of tetragonal zirconia into monoclinic zirconia, the transformation increases
as it increases with the temperature and the application time. Temperatures around 180 °
or higher are critical, since from here on you begin to see a significant change in the
microstructure and mechanical properties [23]. The degradation of mechanical properties is
usually measured using spectroscopic techniques, especially X-ray diffraction (XRD) and
Raman spectroscopy, to calculate the mono-clinic phase percentage. Deville et al. used an
atomic force micros-copy (AFM) to studied the first stage of degradation in a Y-TZP material,
where the surface produce autocatalytically an uplift as result of martensitic propagation
plates. The tetragonal to monoclinic transformation starts close to defects subjected to high
pressures residual stresses and propagates to the areas that surround it. The degradation
process extends autocatalytically until the surface is entirely transformed and then start to
propagates into the volume. The figure 8 shows how degradation begins to progress and
transforming the grains generating with them a surface layer. The degraded layer is
characterized by phase transformation, where habit planes that separate the monoclinic
phase from the tetragonal can be seen, while the grains of the non-transformed layer appear
to be completely uniform, another important characteristic of degraded layer is the
appearance of microcracks, whose presence has been indirectly detected but never clearly
observed [24]

wuposz

Figure 8. SEM pictures of a FIB cross-section of an 3Y-TZP sample after 60 h of degradation. The degraded
layer is characterized by transformed grains and microcracking [24]
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Effects of aging can be counteracted with the addition of stabilizing dopants such as
Ce02 MgO or CaO0, also it has been established that adding 5-10 wt.% of AI203 reduce the
volume of phase changes associated with phase transformation [23]

4.7.  Zirconia properties

In general, Zirconia has good mechanical properties, however, depending on the
phase in which it is found, its properties may change. The tetragonal phase is the one with
the most desired mechanical properties due to the increased fracture toughness and
strength, as result of the transformation toughening phenomena. The table 1 shows how,
depending on the phase, some properties change: [25]

Table 1. Comparison of some mechanical properties of m-, t-, and c-zirconia. Where p is the density, E is the Young’s
modulus, HV is the Vickers hardness, of is the fracture strength and KIC is the indentation fracture toughness [25]

Property m- zirconia t- zirconia c- zirconia
plefem?)  [50) 5.83 6.10 6.00
E (GPa) [41] 185 210 240
HY (G Pa) 11 13 15
ar(MPa) 220 900-1200 290
Koc[MPa-m¥2) 3-4 7-10 15

Some properties of Zirconia that are worth highlighting are [25]:

e High-temperature stability: the maximum operating temperature is 2100 °C
e High density: 4 - 6 g/cm3

e Chemical inertness

e Biocompatibility

e Good wear and corrosion resistance

e Low thermal conductivity: ~ 2.5 W/m-K at 25 °C (20 % that of Al203)

e Good thermo-shock resistance (AT = 400 — 500 °C)

e High thermal expansion coefficient: ~ 10 - 10-6 K -1 at 25°C

e Good ionic conductivity at high temperatures (500°C): < 1-10-4 S-c
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4.8. Zirconia application

Zirconia has multiple applications, it is commonly used as an abrasive, and within its
most demanding applications take advantage of its toughness, wear resistance and
refractory properties to manufacture elements that are subjected to aggressive
environments, such as valves, cutting tools (knifes and scissors), oxygen sensors, extrusion,
among many others, and its purpose is to reduce the temperature of the component.
Nowadays one of the most common uses of Zirconia is in the application of orthopedic and

dental implants. [10]

4.8.1. Orthopedic implants

Due to its good fracture toughness and high mechanical resistance to bending,
zirconia began to be used in the manufacture of femoral heads since 1985 [10] [26]. Its use
in this field began as a solution to the problem of metallosis, which was generated by the
particles that managed to enter the neighboring tissue of the prosthesis as a result of the
friction of metals that occurs between the acetabulum and the femoral head in prostheses
of hip (Co-Cr alloys), causing inflammation, pain, and implant rejection. Working with these
ceramic materials also allows for small diameter femoral heads (22-26 mm), The use of
diameters within these ranges is an advantage for the design of hip prostheses, since this
is redistributing the load thus avoiding bone resorption. In addition, zirconia (Y-TZP), as
alumina, has a greater wettability than metals, so it can be established a layer of fluid that

will act as a lubricant [10] [27].

Despite all these advantages, the implementation of zirconia in the manufacture of
femoral heads decreased, this as a consequence of the catastrophic rupture of 400
prostheses between 2001-2002 in a short period of time, due to the hydrothermal

degradation of these prostheses. [10] [28]
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Figure 9. Total Hip Replacement manufactured by Friedichsfeld in the seventies. One of the first THR using alumina on
alumina bearings implanted in a large number of patients. Courtesy Apollonia and FA.MA Implants. [27]

4.8.2. Dental implants

Currently, the use of zirconia has become very popular in the dental area as a
biomaterial in the manufacture of dental restorations, specifically in crowns and bridges.
Zirconia has become popular in this area for its aesthetics and good mechanical properties,
which are necessary characteristics for the dental sector. Recently, the application in the
manufacture of dental implants has also been studied where both the body of the abutment
(screw) that is implanted in the bone mandibular or maxillary (alveolar bone), the prosthesis

support system (abutment) and the crown are made with Y-TZP [10] [9]

Figure 10. Example of a zirconia dental bridge (courtesy Diatomic, Louey, France) [28]
Nowadays dental implants are usually made with Zirconia stabilized with yttria, yttria-

stabilized tetragonal zirconia polycrystals (Y-TZP) or aluminum oxide offset TZP (ATZ
YAlumina Toughened Zirconia) yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) or
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aluminum oxide offset TZP (ATZ YaAlumina Toughened Zirconia) ceramics. These ceramics
not only have good aesthetic and mechanical properties, but also show the same
osseointegration rate as titanium implants, good biocompatibility, and epithelial attachment,

as well as low plaque accumulation. [29]

4.8.3. Refractory

Zirconia refractories are made from zirconium oxide by first molding the powder-like
substance and then roasting at 1700°-2200°C. It has an excellent thermal shock stability
and characterized by high chemical resistance to the action of melts, alkalis, and most acids.
They are useful as high temperature construction materials for furnaces and one of its most
frequent uses is in glass furnaces, specifically in the glass contact areas, this because

Zirconia is not easily wetted by molten glass. [30]

Figure 11. Zirconia refractories furnaces [30]

4.8.4. Cutting tools

Zirconia has a wide use in cutting tools, not only in the manufacture of commonly
used tools such as knives and scissors, but at an industrial level. The cutting tools made of
ceramic materials comprising of zirconia (ZrO2) and alumina (AI203) are called zirconia
toughened alumina (ZTA) cutting tools, these ceramics have properties as high hardness,
fracture toughness, and wear resistance which make them suitable for this type of

applications. [31]
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Figure 12. (a) Systematic drawing of conventional lathe (b) Tool holder (CSBNR2020K) with ZTA cutting tool [31]
4.8.5. Dentistry

Zirconium (Zr) and titanium are metals widely used in the dental field because they
do not interrupt bone forming cells (osteoblasts), which are essential for
osseointegration. Zirconia has become of special interest in the dental field for its
aesthetics and for its optimal mechanical properties for dental uses, such as: toughness,
strength, and fatigue resistance, in addition to excellent wear properties and
biocompatibility[32].

In the dental industry exist three types of materials commonly used: the first two
ceramics are materials with at least two ZrO2 t- phases as a minor phase, and the latter
is essentially a t-ZrO2 (single phase). The three materials have in common the objective
of stabilizing the tetragonal phase and the toughening involves the martensitic
transformation [22]. Dental zirconia is, most often, a modified yttria (Y203) tetragonal
zirconia polycrystal (Y-TZP), this dopant is added to stabilize the crystal structure
transformation during firing at an elevated temperature and improve the physical
properties of zirconia.[6] One characteristic of Y-TZP zirconia is especially this high
resistance to fractures because the tetragonal beads are transformed from the
monoclinic phase, which leads to the compression of the forces around the defects,
preventing their propagation [32]. In dental applications, it is fabricated with
microstructures containing small grains (0.2 to 0.5 mm in diameter) depending on the
sintering temperature, which avoids the phenomenon of structural deterioration or

destabilization in the presence of saliva, slowing the growth of subcritical cracks [22].
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In dental restorations are usually used computer-aided design (CAD) and computer-
aided manufacturing (CAM). This technology allows data to be collected for the design

of dental prostheses and to manufacture a large range of dentals products. [32]

-

Figure 13. Zirconia ceramics final restoration [32]
The dental CAD/CAM system consist in an intraoral imaging camera, an optical

impression obtained (by scanning or directly from the oral cavity) and the milling device
(micromotors coordinated by the central data processing unit) [32]. It basically consists of
obtaining an impression of the desired areas and making models of them. The die is placed
in the middle of a scanner, on a rotating platform that allows a 360 ° mapping to be carried
out. The scanner sends the image to the computer where the digital design is being worked
on. With this information, a mold is not needed to start manufacturing, but rather by a
compaction process (uniaxial or isostatic), which consists of pressing the powder into a
mold, creating a compressed green in the desired shape and with enough resistance to
handle it. The compacted infrastructure is then sintered in a vacuum furnace at high

temperatures [22].
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Figure 14. . Virtual restoration design and Zirconia blank milling, respectively [32]
CAD/CAM materials used in dental application are often blocks and disc fully or

partially sintered. Dental prosthetic restorations made from zirconia may be obtained using

the CAD-CAM technology with two possible methods: The first one consist in the milling of
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the prosthetic restoration from Zirconia blocks sintered, which means that in the final
structure won’t be shrinkage, but exist disadvantage as the reduction of life-time of the burs,
due to their great wear and the numerous flaws that occur during the machining that may
diminish the mechanical properties of the final prosthesis. In the second method, the
Zirconia is milling from a block replicating the form of the final prosthesis, and is important
take into a count that the dimensions have to be bigger to compensates the shrinkage that
occurs after sintering, then the ceramic is fired and contracts to the final dimensions, this
technique reduces the level of tension present and prevents the transformation from the
tetragonal phase to the monoclinic phase , which leads to a final surface virtually free of the

monoclinic phase [32][22].

4.8.6. Biocompatibility

A biomaterial can be briefly defined as a material designed to interact in biological
environments and achieve to evaluate, treat, increase or be able to replace any tissue of
this medium, organ or function of the body. a biomaterial should not be responsible for

inflammatory, allergic, immune, toxic, mutagen, or carcinogenic reactions. [33]

Biocompatibility is one of the most important advantages of zirconium based
ceramics. Zirconia is a bioinert material, due this there is no risk of encapsulation by
connective tissue, in addition to this, this ceramic promoted the formation of bone on its
surface, allowing the good adhesion in the hard tissue of this ceramics materials implants.
In soft tissue, fewer bacteria adhere to the Zirconia abutments on the surface and it does
not produce any abservant reaction against fibroblasts and blood cells of the tissue. Many
In vitro tests were performed using cell cultures with cells such as fibroblasts, blood cells
and osteoblast cells, this in order to be able to characterize Zirconia as a biomaterial, and
its response to the surrounding tissue. Garvie et al. implanted magnesia partially stabilized
Zirconia (Mg-PSZ) in paraspinal muscles of rabbits, which were examined at different
intervals of time (1 week,1 month, 3 months and 6 months). The implants did not show
significant adverse soft tissue response, and any degradation of the properties of Mg-PSZ
occurred in contact with these living tissues. On the other hand, Christel et al. studied the
effects of Zirconia ceramic in vivo. Yttria stabilized Zirconia and alumina cylinders were
implanted into paraspinal muscles of rat, and after 1-12 weeks any significant difference was
observed between the two materials, then they concluded that any cytotoxic effect for

Zirconia ceramic when tested both in vitro and in vivo. [34] [35]
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4.8.7. Surface treatments

Exist different surface treatments that works with the functionality of the surface to
improve adherence. These treatments can be divided into three groups according to their

principal objective:

e Surface treatment methods causing micromechanical interlocking:

o Sandblasting: the sandblasting helps to form roughness and
irregularities on the surface area [36] [37], nevertheless, its effect on
mechanical properties is controversial, some reports supposed
mechanical weakening of zirconia as result of the phase
transformation, and others reported that sandblasting strengthens the
mechanical characteristics of zirconia [38] [39][40][41][42]

o Hot chemical etching: this treatment use corrosion to controlled
process where it selectively etches the zirconia ceramic surface
resulting in rough surface and enhances the possibility of mechanical
interlocking with resin cements. The etchant modifies the grain
boundaries by removing the less arranged high energy grain
boundaries [43] [44] [45]

o Laser treatment: this technique has been growing in the
implementation in biomaterials due to its easy control and flexibility
and it promotes a rapid and oriented modification of the surface. The
laser acts on the surface of the ceramic, creating peaks and valleys
that are controlled by the operator as appropriate. Many studies have
reported the improvement of wettability using laser treatments on
ceramics surfaces [46]. One of the most recommended lasers is CO»,
because it creates high surface roughness and a satisfactory shear
bond strength values [47]

o Nano-structured alumina coating: This method creates a micro-
mechanical interlocking by the hydrolysis of aluminum nitride to form
lamellar (AIOOH) onto the zirconia surface, and this is achieved
because the application of a nano-structured alumina coating with a
high surface area and good wettability [47][48]

e Surface treatment methods causing chemical adhesion

o Silane coupling agents: Silane coupling agents are hydrid inorganic-
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organic synthetic compounds that are used to enhance the bonding
of the resin composite to glass-based fillers and HF-etchable
ceramics or silica coated metals and oxide ceramics. Zirconia
ceramics are not silica based and thus they present a physico-
chemical challenge for reliable and durable resin bonding [35]

Other coupling agents: A new primer (AZ Primer, Shofu, Kyoto,
Japan) containing a phosphonic acid monomer, 6-MHPA (6-
methacryloxyhexyl- phosphonoacetate), was introduce to promote
bonding resin composite cements to alumina and zirconia ceramics.
Kitayama et al.realized that primers containing a phosphonic acid
monomer or a phosphate ester monomer (including 6-MHPA and
MDP) and these were effective in promoting bonding of resin cements
to zirconia ceramic.[35]

Resins and resin composites: Several studies suggesting the use of
a phosphate monomer containing luting resin which helps in zirconia
restorations. The phosphate provides a high retention of Zirconia
ceramic crowns. Tanaka et al., Shahin and Kern , Kern and Wegner
de Oyagule et al., recommended a phosphate monomer-containing
luting to bond Zirconia, and surface treatments are not necessary [35]
Gas fluorination: An oxyfluoride conversion layer is created on the
surface of zirconia ceramic making this surface more reactive, which
the purpose to improve the chemical bonding. This method was
investigated by Piascik et al. and found to be effective and they
concluded that oxifluoration conversion layer formed was effective in

bonding to silane coupling agent [35]

e Surface treatment methods causing chemical bonding and micro-mechanical

interlocking

O
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Silica coating: this process consists in clean the surface, create a
highly retentive surface and promote good bonding to resin cement
through silane application. Now a day, exists several methods to coat
zirconia ceramic surfaces with silica. A thermal silica-coating system
(Silicoater MD system, Heraeus Kulzer, Wehrheim, Germany) which
involves sand-blasting of the zirconia ceramic surface followed by

silica-coating. Then, the surface was coated with silane which formed
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at increased temperature silica coating for the substrate in Silicoater
MD apparatus. Other outstanding method is Tribochemical silica
coating, which utilizes the same principle with a specifically surface-
modified alumina with SiO2 coating on the surface of the particles.
[35]

o Selective infiltration etching: it is a novel surface treatment, which
promoted the inter-grain nanoporosity and thus transform zirconia
surface into a retentive one. This treatment utilizes a specific glass
infiltration agent that diffuse between the grains and create nano-

inter-grains porosity. [35]
Laser Surface treatment

Laser irradiation allows to modify the topography of prosthetic surfaces and improves
mechanical interlocking of the resin matrix cement. An advantage of these methods is the

control and easy reproduction of the topographic patterns applied to the surface [49]

There are two main types of lasers that can be used: Long-pulsed laser and
Femtosecond laser. Compared to long-pulsed lasers, a major advantage of short-pulsed
lasers is that the thermal side-effects, including thermal cracks and heat affected zone, are
minimized during laser material processing, however, the short-pulsed lasers are more
expensive due these advantage. It should be noted that it is mainly the laser intensity, and
to a lower extent the laser wavelength, rather than the laser pulse duration that determines

the laser absorption mechanism. [50]

Topography plays a fundamental role in the osseointegration of the implant, the
bacterial adhesion onto abutments, and the bond strength of restorations. The laser
methodology, compared to other texturing methods, has as attractive the creation of micro-
patterns with regular geometry, instead of a random surface roughness as is the case with
sand blasting and other methods. In laser surface texturing, the generated surfaces can
exhibit hierarchical structures featured by the superposition of microscale textures,
nanoscale rough-ness, and even laser-induced periodic surface structures (LIPSS). Despite
the advantages of implementing laser treatments on the surface, there are some challenges
when you want to implement them in zirconia-based ceramics, especially for dental
applications where a long service time in a harsh environment is expected. These include

thermal cracking, which can reduce mechanical strength, and laser induced phase trans-
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formation (LIPT), which may impair the long-term stability of dental implants. [50]

Cracking is an intrinsic tendency of brittle materials under thermal shock loading
during laser micromachining and it can be minimized by optimizing the process through laser
parameters, such as increasing the scan speed while reducing the pulse energy to avoid
excessive energy deposition per unit are. These treatments can form microcracks, but
normally this microcraks are limited to a few micrometers in depth and will not extend into

the bulk, influencing almost nothing to the properties of the bulk material [50]
Etching

Chemical etching can create nano-roughness on the surface of the material. In
Zirconia materials, hydrofluoric acid is commonly used, this for its fast etchant at room
temperature and the incorporation of fluoride at the surface could enhance osteoblastic
differentiation, interfacial bone formation and inhibit bacterial growth, as it does for titanium.
HF etching is a straightforward process that allows tailoring zirconia surface topography by
monitoring the etching time. It results from a complex phenomenon involving the dissolution

of zirconium and yttrium oxides and the precipitation of fluoride crystals.[33]

Etching has some impact on reliability, especially for long durations: it induces sub-
superficial damage, an increase in monoclinic phase content and a decrease in the biaxial
flexural strength, however, these impacts can be controlled with attack times and
concentrations. The HF etched zirconia does not seem to exhibit an increased sensitivity to
low temperature degradation and the strength of etched specimens can even increase with

ageing.
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5. State of the art

In order to see the novelty of this research a research of the current published papers
during the last 20 years has been searched by using ISI Web of Knowledge as it will be
explained along this section. In this sense, several published papers have been used to

compare and analysed the results in the present master’s thesis.

3Y-TZP began to get importance for its good mechanical properties, and it has
become of special interest in dentistry due to its mechanical, aesthetic and biological
characteristics, which is why the number of publications has increased significantly during
the last 20 years as it is shown in Figure 15.
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Figure 15. Studies on Zirconia Ceramics dedicated to the dental area in the last 20 years

In this master’s thesis various topics related to osseointegration and surface
modification on 3Y-TZP are discussed. However, the main topics of research are: chemical
etching and its effect in nano-roughness, cellular response and osseointegration response.
With the purpose of showing the novelty of this master’s thesis it has been conducted a
bibliographic research on the following topics related to 3Y-TZP chemical etching, laser
treatment and osseointegration has been increasing in the last twenty years in the Zirconia
ceramics as shown in as shown in Figures 15, 16 and 17. As it is evident in these figures,

the interest in each of the above topics increases linearly.

UNIVERSITAT POLITECNICA 36
DE CATALUNYA
BARCELONATECH



MASTER THESIS

500

400

300
200
= vt HHH |
"1 ll
D & A NI IR R

&
S
»

Published

v P > N
& S
WA AT AT A A AP

Figure 16. Zirconia chemical etching effect in the last 20 years.
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Figure 17. Zirconia laser treatment effect in the last 20 years.
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Figure 18.Zirconia osseointegration in the last 20 years.
On the other hand, in Figure 19, the number of publications available in the scientific

community about surface treatment methods causing micromechanical interlocking, has

been increasing. However, despite the increase in each of these methods, both surface
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modifications treatments implemented in this master’s thesis present an important interest
in the scientific community. The laser has a special interest due it can superficially changes

their microstructure and mechanical properties and as a consequence the cellular response
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Figure 19. Comparison between the different surface treatments

With all the aforementioned information, in this master's thesis, two surface treatments are
used: a laser treatment, to create patterns on the ceramic surface and thus regulate cell
behavior, especially cell adherence and differentiation. Followed by a chemical etching and
be able to create roughness at the nanometric length scale. In this sense, combinations of
different surface treatments have been carried out, however, the combination of these two
methods is what makes this thesis interesting and novel.

Two studies were mainly used for this work, for the laser patterns the final master's
work by Garcia Albaniz Nerea, where the parameters of the different laser patterns and their
mechanical characterization are explained; and for the chemical etching Quetin Flamant,

who implemented different etching times in Zirconia and characterized the surface of the
material.
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6. Objectives

The project is aimed at investigating the effect on the surface Zirconia-based ceramic

materials by combining two different texturing techniques: laser and chemical etching. In this

sense, a laser treatment is carried out on the surface and subsequently a chemical etching

in order to induce roughness at the micro- and nanometric length scale in order to enhance

the cell adhesion.

Within this context, this master’s thesis can be divided into

The first part consists of the preparation of the samples and laser treatment with
three different patterns (30, 50 and 100 um)

Chemical etching with HF at different concentrations and times, to determine the
minimum time and concentration required to remove the accumulation of material
at the edge of the pattern.

Microstructurally and mechanically characterize the surface treated specimens
by using advanced characterization techniques; confocal laser scanning
microscopy, profilometry, scanning electron diffraction, X-Ray diffraction, among

others.

V. The study of the behavior of osteoblast-like cells on the modified surfaces in
terms of adhesion and proliferation. In order to investigate the effectiveness of
the selected surface treatments, in-vitro cellular assays will be performed on non-
treated zirconia samples and laser modified samples.
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7. Experimental methods
7.1. Materials

The main material that was chosen for this project was Yttria stabilized polycrystalline
zirconia powder with 3 mol. % of Y203 (3Y-TZP)

TOSOH-ZIRCONIA
TZ-3YSB-E

il

Figure 20. Zirconia TZ-3YSB-E powder
The crystalline size and particle size of the powder are 36 nm and 600 nm,

respectively. The powder granule size is 60 um. The chemical characteristics of Zirconia TZ-

3YSB-E powder are presented in Table

Elements Compaosition in wtSe
210z +HAO:#¥ 00+l Oy >899
Y203 5.15

Al O 0.25

5i0; =0.02
Fe.0: =0.01
Na.0 <0.04

Figure 21. The chemical characteristics of Zirconia TZ-3YSB-E powder [25]
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7.2. Sample preparation

Conformed

The samples used in this project were compacted by the conventional Cold Isostatic
Pressing (CIP) (Figure 22). This method of compacting materials processing uses a liquid
medium to exert high pressures and compact the powder into a solid homogeneous mass
before machining or sintering. The CIP method has been used because is a simple process
capable to produce homogenous structures whit a uniform density that exhibit little distortion

or cracking[51].

Figure 22. Isostatic Press.
Two types of techniques were performed by the Cold Isostatic Pressing: Dry Bag

technique, the Y203 (3Y-TZP) powder was introduce in a cylindrical mold and applying
pressure in order to obtain a preform of zirconia; Wet Bag process, the preform of Zirconia
obtained was introducing into the cold isostatic press containing the pressurized fluid
(soluble oil in this case), and applying pressure to the fluid from a pumping system. After
this steps the result is a cylindrical sample of zirconia, which has to be sintered to obtain the

final sample.
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The process to obtain the samples from the Cold Isostatic Pressing is explained in

detail below:

1. 3 grams of zirconia TZ-3YSB-E powder were weight using an electronic
balance.

2. The powder is placed into the pressing mold and then a two pressing punch
are used, one in the top of the mold and the other in the bottom, in order to
compact the powder.

3. The mold is placed in the press and a pressure of 14 MPa is applied for 30
seconds.

4. The chamber’s pressure is carefully remove and the preformed sample is
taken off.

5. Introduce the preform inside a neoprene glove. To speed up the process, it is
recommendable to introduce 4 preforms into the same glove.

6. Apply vacuum to the glove and close it using a flange. There must be no air in
the glove, this way the applied pressure is equal in all directions.

7. Submerge the glove into the pressure vessel that has the pressurized fluid
(oil). The glove must be covered-up by oil. The fluid is responsible for the
homogeneous compression of the mold.

8. Apply 30 MPa of pressure and then carefully remove the chamber’s pressure.
9. Remove the glove from the pressure vessel and take the samples out carefully.
They mustn't get dirty with oil, if not, during the posterior sintering crack spots will
appear.

10. Green compact samples are obtained after the isostatic pressuring. However,

a posterior sintering process is required to have the final samples.
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Sintering process

This is a solid-state sintering process, where the particles are bonded and the
compact densified by the application of heat below the melting point of a material. In this
process the density increase due the compaction of the surface area. Besides, there will be
changes in other properties of the compact, such as increased strength, a drop in electrical

resistance, or an increase in thermal conductivity. [25]

The temperature and the heat treatment applied in the sintering process will have
direct consequences on the grain size and the mechanical properties of the final samples.

This process is generally divided into three stages:

1.Initial stage: the formation of contact points or “necks” between the individual

powder particles in the compact begins.

2. Intermediate stage: Necks between particles have grown, resulting in a structure

that contains continuous pore channels through the compact.

3. Final stage: The pore channels break up into isolated pores that are generally

located on the grain boundaries. The density is higher than 95 % of the theoretical one.
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Figure 23. he three stages of solid-state sintering: a) initial stage, b) intermediate stage, c) final stage [25]
In this investigation, the solid-stage sintering process was realized in a Nabethern

furnace (Figure 24) and taken into a count the grain sized and the flexural strength the green

bodies where sintered up to 1450 °C.
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Figure 24. Nabethern furnace
This thermal treatment consisted of heating up to 700°C at a heating speed of 6

°C-mint and then maintaining at that temperature for 1 hour. After this first step, the
temperature was increased with a heating speed of 6 °C-min* up to 1450 °C and maintained
constant for 2 hours. Finally, the specimens were cooled with a speed of — 6°C-min until

reaching ambient temperature. (Figure 25)

120 min

Temperature (°C)

o 100 200 300 400 s0o &00 200

Time {min}

Figure 25. Thermal treatment used in the Zirconia samples
After this thermal treatment the green bodies samples compacted, and is clearly a

decrease in the dimensions of the final sample compared with the green body.
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Figure 26. Sample before and after the sintering process (left and right, respectively)

Polishing of the samples

After the sintering process the surface of the samples must be polished in order to

eliminate the roughness and imperfections. The surfaces of the pieces must be flat enough

that it allows to obtain credible results when carrying out the characterizations and

subsequent treatments.

In this investigation a Buehler sander polishing machine (Figure 27) was used. This

machine allows to set the speed and polish in automatic mode, which allows polishing

several samples at the same time and under the same conditions.

Figure 27. Automatic polishing machine BUEHLER

Taking advantage of the fact that the machine is automatic, the samples are glued

along the edge of the polishing disc in equidistant way, and then the polishing process was

carried out as follows:

Table 2. Polishing data

Polishing order Type of Disc Type of suspension Rotation speed Direction Time Force
1 MD-Piano 120 Water 300 rpm Contrary* 25min  1LB/sample
2 MD-Piano 220 Water 300 rpm Contrary* 25min  1LB/sample
3 MD-Plan Diamond (30um) 150 rpm Contrary* 25 min  1LB/sample
4 MD-DAC Diamond (6um) 150 rpm Contrary* 15 min  1LB/sample
5 MD-DAC Diamond (3um) 150 rpm Contrary* 15 min  1LB/sample
45
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6 MD-NAP OPA (0,5um) 150 rpm In favor** 10 min  0,5LB/sample

*Contrary: The disc and the plate rotate in opposite directions.

**|n favor: The disc and the plate rotate in the same direction.

7.3. Surface treatment

Surface treatments in Zirconia have direct consequences on cell behavior, which
adhesion may or may not be benefited depending on the type of treatment. This section
details the procedures and technigues used to treat the surface of the Zirconia samples. The
first process was conducted by using laser treatments to create defined topographical
patterns at the micrometric length scale, following a chemical etching with hydrofluoric acid
were carried out at different concentrations and times, in order to remove the pile-up and

create nano-roughness.
Laser treatment

The Spectra-Physics Explorer One 349-120 laser equipment was used for the
surface modification of the samples, which generates a beam with a diameter of 0.16 + 0.025
mm. The laser has generator equipment, 3 optical devices (two reflective mirrors and a
converging lens), and the sample holder. The laser equipment generates a beam that hits
the two mirror reflectors in sequence, these reflectors are responsible for directing the laser
to the convergent lens. Finally, this lens adjusts the intensity and focus on the surface of the
sample. The laser equipment system is connected to a computer, in which, through the
WeldMARK and L-Win softwares, the designs of the patterns to be printed on the surface
are made and the laser parameters are configured, such as intensity, speed, frequency,

among others.
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Figure 28. The Spectra-Physics Explorer One 349-120 laser equipment
Chemical etching
Hydrofluoric acid was used to etch the surface of the Zirconia samples after
performed the three different laser patterns. As was previously mentioned, the Hydrofluoric
acid is commonly used for its efficacy at room temperature and the benefits that can provide

in osseointegration.

The chemical etching was performed at two concentrations, one 40% hydrofluoric
acid and another 20%, the samples were submerged in the acid at: 15 minutes, 30 minutes,
45 minutes, 55 minutes, 2 hours, 3 hours and 6 hours. The acid concentration and etching
times were performed using the same standards parameters investigating by Quentin
Flamant et al [33].

After the chemical etching, the samples were characterized and observed under a
confocal microscope to determine if the pile-up has been eliminated.
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Figure 28. Hydrofluoric acid

Hydrothermal degradation

Accelerated degradation tests in water steam were performed at 134 °C and 2 bars
of pressure (Micro8, Selecta). The samples were degraded for 10h. Then the Vm (%) was
quantified by X-ray Diffraction (XRD). Finally, the hardness of the samples was measured

by Vickers indentation.

7.4. Characterization techniques

Density

The Archimedes method was used to measure the bulk density of the sintered
samples and to calculate the amount of open porosity [52]. This method is non- destructive,
is simple and economic. It is important take into a count that this method does not
contemplated the closed porosity. Archimedes method stating that “Any body completely or
partially submerged in a fluid (gas or liquid) at rest is acted upon by an upward, or buoyant,
force, the magnitude of which is equal to the weight of the fluid displaced by the body” [53].
Thanks to this principle the density of a body can be known knowing the difference of the

mass in air and submerged in a fluid.

The calculation of the density p, of the part under consideration follows equation

(1):
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Mq

Pp =

= . equation (1
p— Pri quation (1)

Where:

e ps represent the density of the fluid

e m, represent the mass in the air

e my represent the mass in the fluid

A more correct calculation of the density takes into account the buoyancy of the part
in air. This leads to a correction of equation (1) Where pair is the density of air (temperature
dependent) [52]:

Pp = (pfl - Pair)-L + Pair equation (2)

Mag—mg|

The measurements were performed automatically by an Archimedes machine
Mettler Toledo XS-204 (Figure 29). This machine has a beaker filled with water, the basket
and the balance. The object is weight, first in the air and then in a liquid of known density

(water was selected pwater = 1 g-cm).

Figure 29. Archimedes machine Mettler Toledo XS-204
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Optical microscope

The optical microscope has been used to observe the surface condition of the
samples once polished, with the laser treatment and also once the chemical etching was

carried out.

The BX53M's MIX observation technology combines traditional lighting methods with
dark-field lighting. When using the MIX slider, its ring of LEDs illuminates the directional dark
field above the sample. This has a similar effect to traditional dark-field, but offers the ability
to select a quadrant of LED indicators to direct light from different angles. This combination
of directional dark-field and bright-field, fluorescence or polarization is called MIX
illumination and is especially useful for highlighting defects and differentiating raised from

sunken surfaces. [54]

Figure 30. BX53M's MIX
Laser Scanning Confocal Microscope

The Laser Scanning Confocal Microscope (LSCM) has been used to visualize the
surface of the samples once the laser patterns have been made and after they have been
chemically etched, and extract results from these both surface treatments and the

mechanical and tribological tests were performed.

Confocal means that the image is obtained from the focal plane only, any noise
resulting from sample thickness being removed optically. Laser scanning means the images
are acquired point by point under localized laser excitation rather than full sample

illumination, as in conventional wide-field microscopy [55].

A point source of illumination is produced by placing a pinhole in front of illumination
source and this pinhole is focused onto the specimen by a lens; the light by the specimen is

focused by lens onto another pinhole placed in front of a detector. The light collected by the
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detector is derived mostly from the in-focus specimen field. Light from out-of-focus material
is diffuse when it reaches the pinhole and hence relatively little light from these fields reaches
the detector. The size of the pinhole the depth of the in-focus field in the specimen; the

smaller the pinhole the narrower the depth of the in-focus field [55]

Pinhole In focus Pinhole

source
Lens Out of focus Lens

1 specimen fields 2
Figure 1 The principle of the confocal microscope.

Lens 1 at Lens 2 at
three positions three positions
of focus of focus

Pinhole Pinhole
aperture Al aperture

Different levels
within specimen

Figure 31.Diagram to show how the confocal arrangement can be used to collect sequential optical section from a
sample [55]
The laser light source with its greater penetration and low divergence allows imaging

in thicker specimens than is possible with normal light sources. The disadvantages of lasers
have been their cost and the restricted wavelengths available. The restriction in wavelengths

has in turn restricted the number of fluorescent stains that can be used.[55]

Lasers can be divided into two broad categories, continuous waves lasers and
pulsed lasers, both can be used in confocal examination but most commonly continuous
waves type lasers are preferred. The classes of continuous wave lasers include gas lasers,
dye laser and solid-state lasers. The most popular is the gas lasers and the basic confocal

laser is the Argonion laser. [55]

Laser confocal microscope Olympus LEXT OLS 3100 has been used in this
investigation to verify and obtained the surface topographic images of the samples after the
laser and chemical etching surface treatments, 3D images of the samples topography has

been obtained by the microscope, and the measurements of the patterns performed.
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Besides, the pile-up generated by the laser treatment has been measure before and after
the chemical etching.

Figure 32. Laser confocal microscope Olympus LEXT OLS 3100.

X-Ray diffraction

Monochromatic radiation goes through a slit of thickness comparable to the
wavelength of the radiation and this generates optical interferences on which x-ray
diffraction is based. When passing through an exited body, part of the x-ray beam is
scattered in all directions as a consequence of the electrons associated with the atoms or
ions that it encounters during its trajectory, however, the remaining beam can give rise to
the phenomenon of x-ray diffraction, which is generated when the atoms are arranged in a
certain order and meet the conditions of Bragg's Law which relates the wavelength of the

beam and the interatomic distance with the angle of incidence of the diffracted beam.

The measurement of the elastic scattering is based on Bragg’s law, see equation 3
[25]:

2xdxsin(@)=nx\ equation 3
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Where d is the space between two successive planes, 6 the incident angle of the X-

ray beam, A the wavelength of the beam, as it is shown in Figure 33
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Figure 33. Schematic representation of Bragg's Law [25]

Each crystalline structure has a different x-ray diffraction spectrum, so in a
polycrystalline sample this serves to differentiate phases. Thus, the phase structure of the
sample can be determined from the peaks detected in the XRD analysis and by knowing the

characteristic peaks of each phase.

X-ray diffraction was used in this project in order to quantify the existence of a
monaoclinic phase, in Bragg-Brentano symmetric geometry using Cu Ka radiation (40 kV and
40 mA) with 0.02° step size, 1s/step and a 26 range of 26° < 28 < 37°. A PIXcel3D detector

was used for the investigation (Figure 34)
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Figure 34. X-ray diffraction equipment.

Scanning Electron Microscope

The scanning electron microscope use an electron beam to image samples with a
resolution down to the nanometer scale. A filament and collimated emit electrons into a
beam in the electron source. Set of lenses focus the beam on sample surface and the
interaction between the signals and the surface generated information about the sample
morphology, chemical composition and crystalline structure and orientation of materials
making up the sample.[56]

The essential components of all SEMs include the following:
e Electron Source
o Electron Lenses
e Sample Stage
o Detectors for all signals of interest
o Display / Data output devices

e Infrastructure Requirements:
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o Power Supply

o Vacuum System

o Cooling system

o Vibration-free floor

o Room free of ambient magnetic and electric fields
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Figure 35. Schematic drawing of the electron and x-ray optics of a combined SEM-EPMA

The SEM is commonly used to generate high-resolution images of shapes of objects
(SEI), to show spatial variations in chemical compositions and the measurement of very
small features and objects down to 50 nm in size. This technique has limitations such as the
sample must be solid and into de microscope chamber, in horizontal dimensions the

maximum size is usually approximately 10 cm, vertical dimensions are more limited and
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rarely exceed 40 mm. For most instruments samples must be stable in a vacuum on the
order of 10-5 - 10-6 torr. Some types of materials are not suitable for examination in
conventional SEM's as the samples likely to outgas at low pressures (rocks saturated with
hydrocarbons, "wet" samples such as coal, organic materials or swelling clays, and samples
likely to decrepitate at low pressure). However, "low vacuum" and "environmental" SEMs
also exist, and many of these types of samples can be successfully examined in these

specialized instruments. [56]

Depending on the nature of the samples and the data required, a previous
preparation of these samples will have to be carried out. Minimal preparation includes
acquisition of a sample that will fit into the SEM chamber and some accommodation to
prevent charge build-up on electrically insulating samples. Most electrically insulating
samples are coated with a thin layer of conducting material, commonly carbon, gold, or some
other metal or alloy. The choice of material for conductive coatings depends on the data to
be acquired: carbon is most desirable if elemental analysis is a priority, while metal coatings

are most effective for high resolution electron imaging applications [56]

In this research project, SEM Phenom XL (resolution <20 nm) (Figure 36) was used
for the qualitatively characterization of the pile-up generated in the samples surface by the
laser treatment once a chemical etching is applied. The samples were previously coated

with carbon, in order to improve the quality of the image.

-

Figure 36. SEM Phenom XL
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Focused ion beam

Focused ion beam (FIBs) are commonly used for a variety of nanomachining, sample
preparation and sample analysis tasks. FIBs are able to add material at nanoscale through
beam-activated chemistry when used a precursor gas, or to remove material using

sputtering. [57]

The way how FIB works can be compared to a scanning-electron microscope
(SEM). For example, both instruments have a source able to emits charged particles in a
high vacuum environment. These particles are then focused onto the sample surface by
lenses. FIB and SEM generate a signal that can be used for imaging, to do this both use a
beam which scanning the surface of the specimen, and this beam. The beam can be fixed
on a specific location. In the SEM this is usually to perform functions such as X-ray micro-
analysis, in the FIB this is used in order to localized sputtering and the formation of trenches
in the specimen surface. In comparison to the SEM there are a number of important
differences between the two instrument, for example electromagnetic lenses are not of
sufficient strength to focus the heavy ion beam and so ion columns use electrostatic lenses
[58]

The ions are generated from a liquid metal ion source (LMIS), which consisting of a
tungsten needle that is mounted below a reservoir of liquid gallium. LMIS provides a high
brightness beam. The source is not a thermionic emitter, but afield emitter. However, it is
occasionally heated as a means of cleaning the tip (not unlike the practice of flashing cold
field emission electron sources). The tip of the needle, which is coated with a thin film of
gallium, is situated just above the extractor, this extractor is held at a higher voltage
(typically~6 keV) relative to the source, and this produces an intense electric field at the
source tip. The field ionizes the gallium and draws the liquid metal into a fine tip. lon emission
occurs due to field evaporation at this tip and the gallium ions are emitted from the tip and
accelerated down the column. The usual acceleration voltage used in current generation
FIBs is~30 keV, but may be as high as 50 keV. However, unlike an electron emitter, the Ga
source, which generates positive ions, has a positive potential applied to it. Gallium ions are
large, especially relative to electrons, and their wavelength when accelerated is very long.
Since the force exerted by a magnetic field on a moving particle is proportional to that
particle's mass divided by its charge, a column using magnetic lenses would need to be
inordinately long to focus the beam. Consequently, electrostatic lenses are used which exert

fields proportional only to the ion's charge. Lenses may be run either in collimated or
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crossover mode. While the optics of SEMs are commonly configured in cross-over mode,
FIBs are more often operated in collimated mode, where ion trajectories are parallel between
lenses. In this configuration the beam is less subject to spherical and chromatic aberrations.

However, operating in this mode means that the images often require correction. [58]

\ 77
~1%

N0
Figure 37. Secondary electron image showing typical mills used to expose cross-sections [58]
In the present investigation, the Carl Zeiss Neon40 crossbeam was used to create

small cuts in the surface of the laser and chemically treated parts and to demonstrate how

deep the chemical attack of 40% could reach on the surface of the samples.

Figure 38. Carl Zeiss Neon40 crossheam
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Contact Angle

The contact angle is a way to measure the wettability of the surface material.
Basically, when the contact angle formed between the surface and a drop of liquid is greater
than 90 °, the surface is hydrophobic, on the contrary, if the contact angle is between 0° and
90 ° the surface is hydrophilic.[59]

95° Bad wetting

45° Good wetting

0° Complete wetting

Figure 39. Different contact angle [59]
The wettability of a material in the health area is important because the affinity of the

surface may or may not benefit the implementation of the material, for example hydrophilic

materials will help the adhesion of cells and bacteria on the surface.

The contact angle machine is intuitive to use, it is basically a fine nozzle through
which the liquid is dispensed onto the surface of the samples by means of drops, it has a
camera that is connected through the UEYE.W software to the virtual program VMWARE,
through the which machine works. Various studies can be carried out, from measuring

surface energy to the contact angle automatically.
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Figure 40. Contact Angle machine
This study was carried out in order to determine if the chemical treatment, the laser

or the combination of both had any effect on the wettability of the samples. This is interesting
for research since it can be estimated whether or not they will have a benefit in cell adhesion
and osseointegration. The study was done triplicate, that is, three samples of each one were
studied to have significant statistical data. Samples with laser treatment and etched at 40%
HF for 30 min of the three patterns (30 yum, 50 ym, 100 um ) and control samples (etched,
with laser and smooth) were used. In each sample, 3 drops with a volume of 1 yL were

dosed.
Vickers hardness test

As its name implies, the Vickers hardness test it is commonly used to determine the
Vickers hardness of a sample. A diamond indenter is used to create an imprint on the surface
of the sample in form of a right pyramid with a square base and an angle of 136 degrees
between opposite faces subjected to a load of 1 to 100 kgf. When load is removing, the two
diagonals created in the footprint are measure. The area of the sloping surface of the
indentation is calculated. The Vickers hardness is the quotient obtained by dividing the kgf

load by the square mm area of indentation. [60]
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136" between
opposite faces

Figure 41. Schematization of the footprint of a durometer [60]
In order to determine the Vickers hardness of the samples with a laser treatment and

chemical etching the durometer Akashi MVK-HO with a Vickers tip installed was used. Using
10 Kgf of load five tests were performed in a row to have statistically significant data. once

the load was removed from the durometer it automatically returns the results in Vickers

Cellular study

In order to determine the effect of laser patterns on cell adhesion, cell adhesion in smooth
samples and with the three different laser patterns were studied under confocal fluorescence
microscopy. The number of nuclei per area, the average area covered by the cell, its aspect

ratio and its circularity were observed.

Cell adhesion

A total of 24 samples were analyzed, specifically three samples for each laser
standard and 3 control samples. This study was carried out in two batches, with
approximately a month difference between them, this is important to take into account, since
when analyzing the samples, the results could be affected by the deinking of the cells, which

makes the analysis difficult.

CLSM, LSM 800, Carl Zeiss is a fluorescence confocal laser scanning microscope
and it was used to take photos in 5 different areas of each sample, depending on the
analysis to be carried out, the magnification of the lens was adapted, for the nucleus
count, photos were taken at 100 um and for the analysis of the cell area, photos were

taken at 50 ym. Finally, the photos were analyzed with the Fiji/lmage-J package, the
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software allows working with the different channels of the microscope, two different
channels were used, the "blue" to analyze the number of nuclei and the "red" to analyze

everything related to the structure of the cell.

ey 7
Lo

=2
B '

Figure 42. CLSM, LSM 800, Carl Zeiss

8. Results and discussion

Samples from a previous study were studied, where laser patterns were made at
30, 50 and 100 pm to later adhere cells and due to the low precision of a nanosecond-
laser, an excess of material is generated at the edges of the lines of the boss, this excess
is the "pile-up”. This excess material can influence cell behavior, so chemical attacks are
carried out in order to eliminate it and in turn create nano-roughness that helps improve

osseointegration.

Microstructurally characterization

Density

Ten samples were taken and the density of each one was calculated by Archimedes
method as shown in Table 3. The average density was 6.039 g/cm?3.; a slightly lower than
the theoretical one (6.05 g/cm?®). The relative density of each sample was calculated
comparing the theoretical and the measured density and resulted in an average of 99.83%

with a porosity rate of around 0.17%.
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Table 3. Density of samples using the Archimedean method

Sample Sample’s density [g/cm?] Relative density [%] Porosity rate [%]
1 6,046 99,93 0,07
2 6,04 99,83 0,17
3 6,039 99,82 0,18
4 6,018 99,47 0,53
5 6,041 99,85 0,15
6 6,048 99,97 0,03
7 6,042 99,87 0,13
8 6,049 99,98 0,02
9 6,034 99,74 0,26
10 6,039 99,82 0,18
Average 6,039 + 0,008 99,83 £ 0,0014 0,17 +0,0014

Cellular study

Below are presented the images obtained by confocal fluorescence microscopy of
the samples made in a previous study by Garcia de Albeniz Nerea [25]. The results
correspond to 4 types of samples, which are: control (or reference sample), 30, 50and 100
um (these refer to the space between patterning lines drawn by the laser on the surface of

the samples). It is necessary to mention that these 4 samples were not chemically etched.
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Figure 43. LCSM micrographs of samples: a. smooth; b. laser pattern 30 um; c. 50 um laser pattern and d. laser pattern
100 um
Cells were attached to these samples on the surface and photos were taken in five

different areas of each type of sample in order to have enough statistical signification. This
procedure was carried out a second time to have data to compare the behavior of the cellular
adhesion and the co-relation with a pattern on the surface. As this study is repeated twice,
we will call "first group” the one carried out the first time and "second" the study repeated
the second time.

The fluorescence LCSM images where analyzed with in order to obtain quantitative
data of the cellular study. The cells attached to the four types of samples were analyzed in
terms of: number of cell nuclei (Figure 44), cell area (Figure 45), circularity (Figure 46) and
aspect ratio (Figure 47).
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The number of cells per area on the surface of the samples does not show a
tendency to increase in those samples that have laser patterns on the surface, that is, the
laser patterns made do not seem to help increase the number of cells on the surface mainly

due to the pile-up present at the vicinity of the pattern.
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Figure 44. Average cells per area in the control sample (0),30 um pattern (30), 50 um pattern (50) and 100 um
pattern (100)

A slight increase in cell adhesion area can be seen in samples that have laser
surface treatment. However, it was not possible to establish a direct relationship between

the line spacing measure and cell adhesion as it is clearly evident in Figure 45.
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Figure 45. Cell area average in: the control sample (0),30 um pattern (30), 50 um pattern (50) and 100 um
pattern (100)

On the other hand, in both studies the cells show a tendency to be more circular in

the flat samples. This is because the laser patterns on the surface of the samples contribute
in cell alignment as shown in Figure 46
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Figure 46. Cell circularity in: the control sample (0),30 um pattern (30), 50 um pattern (50) and 100 um pattern
(100)

The aspect ratio (Ar) tends to increase in samples with laser patterns on the surface,
however, when comparing both studies there does not seem to be a direct relationship

between the aspect ratio and any specific laser pattern as shown in Figure 47
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Figure 47. Aspect ratio in: the control sample (0),30 um pattern (30), 50 um pattern (50) and 100 um pattern
(100)

More precise laser studies have shown that the patterns generate a significant
change in cell morphology, promoting adhesion and alignment [61]. The pile-up that these
samples have may have interference in cell morphology, this because the surface of the
samples is not completely smooth, but rather has irregularities created by excess material
on the edges of the laser pattern that can hinder cell elongation and adhesion. Due to all the
aforementioned information, it is necessary to conduct laser patterns and subsequently

chemically etch in order to release the pile-up and be able to enhance the cell adhesion.

Sample preparation

1. Laser treatment

Below is a table with the parameters that were used for the laser patterns, these were
optimized in a previous work [See reference 25]. These parameters do not promote the t >
m- phase transformation and do not affect the mechanical properties in the samples [25].
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Table 4. Laser parameters [25]
Scan speed [bit/ms] Intensity [A] Frequency [Hz]

2 2.5 500

Patterns of parallel lines about 30, 50 and 100 um were performed and their
topography was characterized by LSCM. The parameters measured of main interest were

(see figure 48): the pile-up width (Wp) and height of the pile-up (Hp).
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Figure 48. Schematization of the parameters measured in the confocal

These parameters were measured in five different areas in each sample in order to
obtained enough statistical signification and verify if the laser treatment was the same over

the whole sample surface. The average results are present in Table 5.

Table 5 Measurements of the pile-up obtained in the three different patterns.

Patterns [um] Wop [um] Hp [um]
30 3,30 + 0,90 0,47 +0,11
50 3,83 +1,08 0,54 +0,10
100 45+1,14 0,58 +0,11

All the patterns presented material accumulation or pile-up. This is generated by the
low accuracy of the type of laser used in this work. In this works the laser used was a
nanosecond laser, while in the works with a high accuracy laser treatment, the most common

is the femto-second laser [4]
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Figure 49. Images taken by the Confocal Microscopy where: a. standard 30 um; b. standard 50 um; c. pattern 200um.

In the Figure 49 the image generated by the LSCM is observed and how each pattern
presents accumulation of the material at the edges. This influences the measurements of
the laser patterns, since measurements such as the depth of the valley generated by the
laser and its width will be overlapped by the measurements of the material that accumulated
along the edges of the parallel lines pattern created on the surface of the samples. In the
image two surface area can be distinguished. The light area in the image corresponding to
the flat surface (line pattern spacing) and a darker area is the area affected by the laser. On
the sides of the dark areas there are irregular areas that blend with the light surface

corresponding to accumulation.

The study of material accumulation will be relevant later, where these patterns will be
subjected to different chemical etching in order to eliminate this pile-up and create nano-

roughness.

2. Chemical etching

The cell study does not show that the laser patterns help cell adhesion and proliferation,
this may be due to the pile-up that is generated at the edges of the laser patterns. In order
to eliminate the pile-up, new samples are create and the same laser patterns are made and

then carry out a chemical attack that can eliminate the pile-up and create Nano-roughness.

In the chemical attack, the times and concentrations previously studied in the work
of Quetin Flamant et al [33]

[64] were taken into account. It is known that the loss of mass is directly proportional to the
concentration of hydrofluoric acid and the duration of the attack See figure 50, taking this
into account, the chemical attacks were chosen in such a way that the loss of mass and the

mechanical properties were not significant.
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Figure 50. Mass loss per initial sample external area as a function of etching time for different HF
concentrations [33]

HF had been chosen because, as mentioned, it is fast at room temperature and
benefits osseointegration. Once the samples were subjected to laser treatment, chemical

attacks were carried out in the following order:

e HF 40% at 15 minutes
e HF 40% at 30 minutes
e HF 40% at 45 minutes
e HF 40% at 55 minutes

These samples were analysed under the confocal microscope to check if the pile-up
had been removed from the surface, or on the contrary, since the times were relatively short,
the pieces continued to present this excess material. When analyzing all the pieces, it was
observed that after 30 minutes of treatment, the pile-up had been eliminated and roughness
was created on the whole surface. Comparing the pieces attacked for 15 minutes with the
pieces treated for 30 minutes, the change in the surface is quite noticeable, the samples
attacked for only 15 minutes continue to have a defined surface and the pile-up still exists,
however, from the 30 minutes for 40% HF the surface of the samples begins to become
rough from the valleys to the flat areas, the images are no longer obtained with such

definition and pile-up disappears (Figure 51)
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Figure 51. .. Images under confocal microscopy: a. 30 um laser pattern without chemical attack; b. 50 um laser pattern
without chemical attack; c. Patron laser 100 um without chemical attack; d. 30 um laser pattern etched 40% HF 15
minutes; and. 50 um laser pattern etched HF 40% 15 minutes; F. 100 um laser pattern etched HF 40% 15 minutes; g. 30
um laser pattern etched HF 40% 30 minutes; h. 50 um laser pattern etched HF 40% 30 minutes; i. 100 um laser pattern
etched HF 40% 30 minutes

Another chemical etch was carried out with a concentration of 20% HF during the
same times carried out previously. However, the pileup was not removed, this corresponds
with Figure 50 when it shows that at lower concentrations the samples will need longer

times to remove more mass.
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Figure 52. Pile-up widths in samples with 30 um, 50 um and 100 um standards etched at 20% HF for 15
minutes, 30 minutes, 45 minutes and 55 minutes
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Figure 53 Pile-up highs in samples with 30 um, 50 um and 100 um standards etched at 20% HF for 15 minutes,
30 minutes, 45 minutes and 55 minutes

A third chemical etching process was carried out at times of 2, 3 and 6 hours,
at concentrations of 40% and 20% HF for each hour. This time the purpose was to
get from what times it could be estimated that an etching of 20% concentration would
be able to remove the pile-up. The laser pattern begins to be lost in the samples
etching at 40% HF.
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On the other hand, after 2 hours, the pile-up began to be removed in the

attacked samples with a concentration of 20% (Figure 54)

Figure 54. . Chemical etching 20% HF samples under confocal microscopy: a.30 um laser pattern etched 30
minutes; b. 50 um laser pattern etched 30 minutes; c. 100 um laser pattern etched 30 minutes; d. 30 um laser
pattern etched 2 hours; e. 50 um laser pattern etched 2 hours; f. 100 um laser pattern etched 2 hours

Chemical etching do not have significant effects on the mechanical properties of the
samples, this was concluded in a previous study by Quentin Flamant et al. [33], which
suggests that for 3Y-TZP implants attacks with hydrofluoric acid concentrations of 40%
should be carried out at times less than two hours, to preserve homogeneity and mechanical
properties. Therefore, a chemical attack of 30 minutes at 40% HF concentration is sufficient
to eliminate the pile-up caused by the laser and create roughness on the entire surface of

the samples, which could help the alignment of the cells and the osseointegration.

Microstructural characterization:

Through the SEM you can see the pile-up generated by the accumulation of material

when the laser patterns were performed (Figure 55).
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Figure 55. Samples seen under SEM with laser pattern on the surface, showing the pile-up at the edges of the
lines pattern created by the laser at: a. 10 um and b.5 um

The samples etched with a concentration of 40% HF for 15 minutes do not show a
significant visual change, and the pile-up continues to be distinguished on the surface. On
the other hand, the samples attacked for 30 minutes present a greater roughness and the

pile-up in the edge is no longer differs from the rest of the surface as show in the Figure 56

33
Figure 56. Samples with patterns laser and chemical etching at 40% HF during: a. 15 minutes and b.30
minutes
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Chemical attacks with times greater than 30 minutes create more noticeable
changes in the surface of the samples, and the patterns created with the laser begin to lose

their shape (Figure 57)

Figure 57. Sample etched 40% HF for 45 minutes observed in SEM 10um
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Mechanical characterization:

Vickers Hardness (HV) was measured on each etched sample in order to see the
evolution against the etching time and be able to see the roughness effect. On the other
hand, three samples were designated as control samples without etching and without laser
patterns. The HV in these samples was measured and an average of 14.1 + 0.07 was
obtained. The hardness of the samples is not significantly affected by the chemical etching
treatments carried out as shown in figures 58 and 59, although a reduction in the HV of the
samples can be estimated as time increases, this does not represent more than 10% in both
chemical etching (40% and 20%) [33].
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Figure 58. Hardness at different times of 40% chemical etching
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Figure 59. Hardness at different times of 20% chemical etching

Etching effect

The hardness of the samples was not significantly affected by the chemical etching carried
out. Samples with a concentration of 40% HF were selected because they eliminate the pile-
up in a shorter time without affecting the mechanical integrity and preserving the laser
pattern. Using the FIB, a cross section was done in order to determine the etching effect,

see Figure 60.
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Figure 60. Cutting by FIB to samples with standards of 30 um and 40% HF during: a. 30 min, b. 15 min, c. Control

The difference between these samples was the etching time that they were exposed.
Regardless of the time to which the penetration was subjected, it is not significant, so the
mechanical properties for a concentration of 40% HF for 30 minutes, which is the time
necessary to eliminate the pile-up near the laser pattern, does not decrease the mechanical

properties or affect the internal structure significantly.

Hydrothermal degradation
1. Ray-X diffraction

These samples were selected mainly to demonstrate if the chemical attack capable of

eliminating the pile-up also generated some phase transformation.
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According to previous studies [25], laser treatment does not promote m-phase
transformation. Very aggressive chemical treatments with HF do promote m-phase
transformation and are directly proportional to the concentration of the acid and the time of

the etching as reported in [62].

In the XRD results of both etching concentrations, no precise significant peaks were
evidenced that could be related to a change to monoclinic phase due to the chemical etching
Figure 61-62. In this sense, it is possible to conclude that the chemical etching does not

produce a phase transformation on 3Y-TZP specimens.
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Figure 61. XRD spectra of the 100um-40% HF etching samples. The control samples do not have laser
pattern in surface
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Figure 62. XRD spectra of the 100um- 20% HF etching samples. The control samples do not have laser
pattern in surface

However, studies have shown that more aggressive treatments generate a m-phase
around 26 = 28° [66].

On the other hand, a thermal degradation was carried out to samples chemically
attacked at 40% for 30 minutes of each pattern all the samples, without exception, presented

a phase transformation at around 28°, where a m-phase peak is evident (see Figure 63)
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Figure 63. XRD spectra of degraded samples

Neither the chemical treatment or the laser treatment induces phase transformation,
however, all those degraded samples regardless of their previous treatment have shown
that in the (-111) plane there is a peak that indicates a m-phase [67] that will have effects

on its mechanical properties.

The samples treated with laser and then etched for 30 minutes at a concentration of 40%
of HF were selected for thermal degradation, this because despite having a high
concentration of acid, their hardness was not significantly affected and it was possible to
eliminate the pile-up in a shorter time than in those attacked with 20%. Also, samples treated
only with laser were selected, in order to see if the HF concentration has any effect on the

degradation of the samples.

When carrying out the thermal degradation of the samples, those that had previously
been chemically attacked present a greater loss of their hardness than the samples that had
only been subjected to laser treatment see Figure 64. Taking this into account, the hardness

of those samples with chemical etching prior to degradation and degraded attacked samples
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is compared, and it is

observed how the hardness significantly decreases in those that have

undergone thermal degradation, being at least 10% less hard see Figure 65
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Figure 64. Hardness measured in samples with hydrothermal degradation, where control 1 is the etching
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Figure 65 Hardness measured between degraded samples and non-degraded samples

This loss in hardness is related to the phase change shown by the XRD, where we
see that the thermally degraded samples have a monoclinic phase in the (-1, 1, 1) plane.
The monoclinic phase is more fragile than the tetragonal in zirconia, the presence of this

phase in the samples as a consequence of the thermal degradation carried out.

Contact Angle

The wettability of a dental implant can promote cellular adhesion and
osseointegration. The topography of an implant has a direct effect on the contact angle
between the sample and the liquid. The chemical etching with HF acid at 40% for 30 minutes
was chosen to measure the sample wettability, because it does not show a decrease in
mechanical properties and is the one that takes less time and generates a more

homogeneous roughness on the whole surface of the sample.
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Figure 66. Contact angle in samples (from left to right): smooth, only etched, 30
um etched, 50 um etched, and 100 um etched.

The chemical etching causes the samples to change from a hydrophilic state to a
hydrophobic state, it is known that it is the chemical attack because the samples with only
laser treatments could not measure their angle since the drop was completely dispersed,
being highly hydrophilic. This may be due to the type of roughness that is generated on the
surface of the samples, which allows air to be trapped on the surface, while in the samples
that have been laser treated, the water goes through the channel generated by the laser.
The new hydrophobic surface created with the chemical attack, can bring some benefits
such as avoiding the adhesion of bacteria on the implant surface, but on the other hand it
can also bring disadvantages, such as a decrease in cell adhesion because the surface of
the implant is not well impregnated. blood plasma. However, currently treatments such as
plasma help create more hydrophilic surfaces.
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9. Environmental impact analysis

The environmental impact of this final master's thesis is summarized in the waste
originated when manufacturing the 3Y-TZP samples, the waste from the chemical treatment

and the consumption of the machines that were used for the characterization of the samples.

The chemical etching is the one that has a greater environmental impact, due to the
fact that they worked with high concentrations of HF, however, to minimize the impact, it
was used that the samples were thin and thus spend as little acid as possible, it was also
reused HF in other attacks. The residues were diluted in distilled water, these did not exceed
500 mL.

On the other hand, during the manufacture of tablets it has been tried to make a
reasonable number, in order to reduce the waste material. Funnels were used to make the
most of the powders and not create a lot of waste, and it was about making the largest

number of samples in a day to avoid constantly washing the machine tools.

During the polishing process, the greatest impact is the loss of water, since a
constant supply of water is needed at least during the first steps, we are talking about
approximately 1 hour of supply to polish around 24 samples. As many samples as possible

are polished at the same time to ration the water.

Finally, heat treatment is one of the most energy-consuming, because the samples
must be in the oven for at least 8 hours so that they can be sintered correctly. In order to
minimize the energy consumption of the furnace, 24 pellets were sintered simultaneously,
thus avoiding excessive use of the furnace. Another of the machines that have a high energy
consumption is the laser treatment machine, because each sample required at least 40
minutes to make the pattern. We tried to make the exact number of samples with a laser
pattern, in such a way that it would be used moderately. The rest of the machines such as
microscopes were used regularly but the periods of use were less than 2 hours. On the other

hand, the autoclave took ten hours to degrade the samples, but it was only used once.
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10. Budget summary

For the economic calculation of the investigation it has to take in account that is a study.
The dedicated time by the workers who have participated is the most important part of the
cost.

The total cost has been divided into three categories: Human resources, Equipment rental
and Material used.

The human resources correspond to the salaries of the master student, supervisor and co-
supervisors. The remuneration awarded to the student is 10 euros per hour. On the other
hand, the salaries of the supervisors are 30 euros/hour. In the second category, Equipment
rental, includes the costs of the equipment used. Finally, in the Material section, the costs
of the most important items are considered.

Table 14 shows the patrtial costs of the three categories and finally the total cost of the study.

Table 6. Study cost

Concept Total [euros]
Human resource 12250
Material 115
Principal equipment 1900
Total 14265

Table 14 shows that the total budget of the investigation is 14265 €.
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11. Conclusions

In the present master's thesis, the effect of chemical etching on surfaces previously
treated with laser has been investigated, in order to eliminate pile-up and improve
osseointegration. It was based on previous works where cell behavior changed when the
precision of the laser was lower, which led to the approach of carrying out a chemical attack
to create roughness and help cell adhesion. During the process, various techniques were
used to select the type of chemical etching, and characterize the samples, within them the
confocal microscopy was one of the most important because it allowed to analyze the
roughness. Also XRD to determine phase changes that could affect the mechanical
properties. Finally, perform a hydrothermal degradation to see the effect of temperature and

pressure on the chemically etching samples and those that did not present chemical etching.
The conclusions reached in each of the processes are listed below:

e The laser patterns generated by a nanosecond-laser do not seem to help cell
adhesion, nor their alignment on the surface. This can be caused by the pile-up that
is created when the laser pattern is etched onto the surface of the samples.

e The concentration of the chemical etching with HF is directly proportional to the loss
of mass in the samples.

e A chemical etching of 40% for 30 minutes is sufficient to induce roughness at the
nanometric length scale and eliminate pile-up on the surface of laser patterned
samples without significantly affecting the mechanical properties, and neither does
it generate a change to monoclinic phase.

¢ Chemical etching with a concentration of 20% required times of at least 2 hours to
eliminate the pile-up near the laser patterning.

¢ Chemical etched with concentrations of 40% greater than 1 hour begin to erase the
laser patterns, since roughness is created on the entire surface and more mass
begins to be lost.

e Chemically etched samples become hydrophobic due to the trapped oxygen in the
pores that are caused by the roughness promoted by the etching. Whereas samples
that only have one laser pattern are highly hydrophilic.

¢ Chemical attack does not penetrate very deeply into the surface of the samples.
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e Thermal degradation produces a phase change both in samples with chemical attack
and in those that only had the laser pattern. It also affected the mechanical properties
of the pieces, being those degraded less hard

¢ When the samples are drained and taken to XRD for analysis, the samples with
chemical attack present a higher intensity peak in the monoclinic phase, than those

that only have laser patterns on the surface.
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12. Future work

Although various techniques have been implemented to manufacture and characterize the
samples, there are other interesting studies that could be carried out. In future work it could

be interesting:

o Perform cell adhesion on samples attacked 40% HF for 30 minutes. Also, study
whether or not the roughness created by this attack increases the adhesion of
bacteria on the surface.

o Perform plasma treatments to generate more hydrophilic samples while maintaining
the benefits of chemical etching

¢ Compare the chemical attacks in samples treated with laser with those that use sand

blasting instead of laser and see how the cell and bacteria adhesion changes.
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