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Abstract 

Zirconia based materials are considered one of the best choices for dental applications due to its 

superior mechanical properties, aesthetic advantages and biocompatibility. Furthermore, in the last 

decade, the use of topographic patterns has been a continuously growing area of research for tissue 

engineering and it is widely accepted that the surface topography of biomaterials can influence the 

biological response. One his matter, micro-topographical modification of dental zirconia (3Y-TZP) has 

demonstrated to play an important role in cell response in terms of adhesion, proliferation and 

differentiation. In this sense, one studied approach is to modify the surface roughness at micrometric-

length scale by mean of laser technique.  

The main goal of this Master’s project is to investigate the effect of microscale surface modification of 

dental zirconia (3Y-TZP) to promote bone cells adhesion and growth. The samples were prepared by 

Cold Isostatic Pressing and sintered at 1450 ºC. 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 µm; and these three samples were also compared to flat 3Y-

TZP. Afterwards, the specimens were microstructurally characterized by means of: Archimedes 

method for density calculation and confocal laser scanning microscopy for the topographical analysis 

of the patterns. Furthermore, the samples were hydrothermally degraded in steam water for 10 hours, 

and after microstructural (X-Ray diffraction “XRD” and Raman) and mechanical (Vickers hardness) 

characterization was performed to the non-degraded and degraded samples. Finally, cellular study was 

conducted to evaluate the behaviour of hMSCs on the modified surfaces after 6 hours of adhesion. 

The result showed laser patterns of ~ 1.7µm height and pronounced pile-up as side effect of the laser 

beam. The XRD and Raman characterization showed that m- phase transformation was induced on the 

sample surface after 10 hours of degradation in water steam, while the Vm (%) content obtained in the 

non-degraded samples was negligible. Also, the Vickers hardness was decreased after the degradation 

process. Finally, all the patterned surfaces allowed cell attachment, increased cell area and elongation 

morphology, and promoted cell alignment in the direction of the laser patterns.  
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Resumen 

Los materiales base zircona son considerados gold estándar en aplicaciones dentales debido a que 

presentan propiedades mecánicas superiores, ventajas estéticas y gran biocompatibilidad. Además, en 

la última década, se ha incrementado el uso de patrones topográficos en el campo de ingeniería de 

tejidos, en donde es ampliamente aceptado que la topografía de la superficie de los biomateriales 

puede influenciar la respuesta celular. En esta cuestión, la modificación de la microtomografía de la 

zircona dental (3T-TZP) ha demostrado tener gran influencia sobre la respuesta celular en términos de 

adhesión, proliferación y diferenciación. En este sentido, uno de los métodos más estudiados para la 

modificados de la rugosidad a escala micrométrica es mediante el láser.   

La presente tesis de Máster tiene como principal objetivo investigar el efecto de la modificación 

superficial a nivel micrométrico de la zircona dental (3Y-TZP) para promover la adhesión y el 

crecimiento celular. Las muestras utilizadas se prepararon median la técnica de compresión Isostática 

en Frio (CIP) y posteriormente se sinterizaron a 1450 ºC. A continuación, se realizó la modificación 

superficial de las muestras mediante un equipo laser nanosegundo.  Los patrones topográficos creados 

consisten en líneas paralelas con diferentes interlineados de 30, 50 and 100 µm; y estas tres muestras 

se compararon también con una muestra plana. Posteriormente, las muestras fueron caracterizadas 

microestructuralmente mediante: el método de Arquímedes para el cálculo de las densidades y la 

microscopia láser confocal para analizar la topografía de los patrones. Además, las muestras fueron 

degradadas en vapor de agua durante 10 horas, y posteriormente se caracterizó la microestructura 

(difracción de rayos X “XRD” y Raman) y propiedades mecánicas de las mismas (dureza Vickers). 

Finalmente, se realizo un estudio celular para evaluar el comportamiento de las HMSCs hacia los 

patrones celulares para un tiempo de adhesión de 6 horas. 

Los resultados demuestran que los patrones laser presentan una profundidad de alrededor de 1,7µm, 

y que el acumulamiento de material producido en los bordes es pronunciado. El análisis XRD y Raman 

muestra que se induce fase monoclínica en la superficie después de 10 horas de degradación 

hidrotérmica, mientras que el Vm (%) de las muestras no degradadas es negligible. Además, se observa 

como la dureza Vickers decrece después del proceso de degradación. Finalmente, se observó como los 

patrones láser facilitan el anclaje de las células, incrementan el área y la forma elongada de las células, 

y promueven la alineación celular en la dirección de los patrones. 
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Glossary 

AFM: Atomic Force Microscope  

BCC: Body-Centered Cubic 

CIP: Cold Isostatic Pressing  

FCC: Face-Centered Cubic 

FESEM: Field Emission Scanning Electron Microscope  

FIB: Focused Ion Beam  

hMSC: human Mesenchymal Stem Cells 

LSCM: Laser Scanning Confocal Microscopy  

LTD: Low-Temperature Degradation  

OM: Optical Microscope 

PSZ: Partially Stabilized Zirconia  

SEM: Scanning Electron Microscope  

TZP: Tetragonal Zirconia Polycrystals 

XRD: X-Ray Drifraction  

xY-TZP: Tetragonal zirconia partial stabilized with x molar percent of yttria  

YSZ: Yttria-stabilized Zirconia 

ZTA: Zirconia Toughened Alumina 
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Preface 

The work presented in this master thesis is the result of my master studies in Advanced Materials 

Science and Engineering (AMASE) programme. The project was developed at the Polytechnic 

University of Catalunya-BarcelonaTECH (UPC), between January 2020 and October 2020. The research 

groups involved are the Centre for Structural Integrity, Reliability and Micromechanics of Materials 

(CIEFMA) and the Biomaterials, Biomechanics and Tissue Engineering (BBT), both of them part of the 

Department of Materials Science and Engineering at UPC.  

Background 

The history of the evolution of dental implants is a magnificent and fascinating journey through time. 

As early as 2000 BC, early versions of dental implants were used in the civilization of ancient China. 

Carved bamboo pegs were originally used to replace the missing teeth at that time [1].  Since then, the 

materials in which dental implants came into development range from gold ligature and ivory to 

chromium, cobalt, iridium and platinum [2]. However, those materials did not prove to be very 

successful: the primary issue was the rejection of the foreign body dental implant.  

For the implant to be successful, the implant surface and the peri-implant bone need to achieve a 

strong and durable connection together through a process known as osseointegration [3]. Since the 

concept of osseointegration emerged for the first time in 1950, materials like titanium led to significant 

improvement in the techniques used for tooth replacement. However, incomplete osseointegration 

and mechanical loosening still represent key challenges associated with the use of metallic implants 

[1]. Regarding these issues, recent clinical studies reported that dental implants made from zirconia-

based materials are a promising alternative to titanium dental implants. In addition to their excellent 

mechanical properties and cosmetic results (i.e. whitish colour), zirconia-based implants allow a degree 

of osseointegration and soft tissue response that is superior to that of titanium dental implants [4]. 

Furthermore, in the last years, special attention has been given to the relation between the surface 

modification of the material and the biological response to the implant. The purpose of surface 

modification is to alter the properties of the surface to enhance the biological performance of the 

surface, without changing the bulk properties of the material [5]. On this matter, the optimization of 

the roughness has shown to be a key approach. Instead of being simply smooth, the surfaces are 

generally roughened by sandblasting and acid etching, which dramatically increases the surface area 

to which bone can attach [2]. 
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Motivation 

The global market for dentistry is an attractive segment of the medical device sector. It was evaluated 

at 26 billion USD in 2018 and is expected to reach 36.5 billion USD by de end of 2024 [6]. This growth 

is driven by the expansion of the elderly population worldwide and increasing consumer awareness of 

oral healthcare needs [7]. Within the dental market, dental implants field is the one growing faster. 

There is a tremendous increase in patients’ demands and expectations for more aesthetic dental 

implants with higher survival rates, which has made clinicians interested in the osseointegration and 

survival of implants. However, there is still much work to do in term of implants durability, where 

incomplete osseointegration and implant infection represent the major concerns.   

At present, zirconia-based materials are gaining interest as bioceramic materials for implants 

applications due to their superior biocompatibility, reduced bacterial plaque affinity, and low corrosion 

when compared to traditional titanium implants. Furthermore, surface modification of zirconia-based 

materials can be achieved by altering the topography and the surface chemistry, which has proven to 

have a major impact on osseointegration and the bacterial response to the implant. Different 

approaches have been used to improve the surface properties of zirconia-based materials, including 

polishing, sandblasting, acid etching, biofunctionalization, coating, laser treatment, and ultraviolet light 

treatment, between others. Nonetheless, there is a need for more research to find the specific surface 

modification technique that maximizes the potential of zirconia as an implant material. The present 

work aims to contribute to the search for that technique. It provides an insight into the effectiveness 

of laser treatment and chemical etching surface modification techniques to enhance the cell adhesive 

potential of the investigated material. To this end, in vitro cellular studies were carried out to 

determine which pattern and topography more optimally favours the cellular response. Furthermore, 

the success of this material also depends on its final properties after the surface modification, thus the 

mechanical properties and microstructure were also analysed.  

On a personal level, I am very pleased to be able to collaborate in some way in the investigation of new 

strategies to improve dental implants. What is more, it is about improving people’s health and well-

being. Furthermore, regarding the academic field, this research project is an opportunity to combine 

my biomedical engineer and materials science studies and put them into practice. It enables me to get 

more familiar with many sample preparation and characterization equipment, as well as to learn how 

to interpret the results. Also, it will help me develop my communication and self-learning skills. 
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Structure of the project 

Chapter 1. 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: biological 

responses to the implant materials and how the surface properties influence the cellular responses. 

The introduction ends up with an overview of the existing surface modification strategies.  

Chapter 2. State of the art 

Chapter 2 analyses 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 10 years in terms of the number of 

published papers. 

Chapter 3. Objective 

In this chapter, the aims and scope of the project are presented. 

Chapter 4. Experimental methods 

This chapter includes a detailed explanation of the material used and the experimental procedure 

followed during the preparation of the samples. Next, the techniques and parameters selected for the 

surface modification of the zirconia samples are presented. Also, there is a description of the procedure 

of the cell culture done on the samples and the timetable followed for the observation of the cell 

behaviour. 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 5. 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-behaviour study are included. 

Chapter 6. Conclusions 

General conclusions and perspectives are summarized. The conclusions are based on the objectives set 

at the beginning of the project and on the findings obtained at the end. 

Chapter 7. Future work 

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

Currently, zirconia is one of the most important ceramic materials at the industrial level due to its 

excellent mechanical and microstructural properties. This introductory chapter will present the 

information required to understand the material of study. 

This chapter is divided into three sections: 

i. The first section gives a general overview of zirconia, its microstructure, properties and 

general classification. Furthermore, emphasis is given to the transformation toughening 

property of zirconia, which is a major advantage compared with other ceramic materials. 

It is also explained the main limitation of this material, hydrothermal degradation, a 

phenomenon that has been very important for its development. Finally, some of the 

current applications of zirconia are explained, with a special focus on the biomedical field.   

ii. The second section is focused on the dental applications of zirconia. The advantages of 

zirconia as dental material as well as the types used in dentistry are explained. Next, the 

biological response to the implant is explained, which includes bone tissue integration and 

bacterial adhesion. In addition to that, the relation between the cellular response and 

various surface properties is described. 

iii. Finally, the last section gives an overview of the current surface modification techniques 

used in zirconia to enhance cellular response and their reliability.  

Zirconia based ceramic 

1.1.1. General information 

Zirconium dioxide (ZrO2), also known as zirconia, is a material classified as advanced ceramic since it is 

composed of metallic zirconium (Zr) and non-metallic oxygen (O) elements bonded by ionic and 

covalent bonding [8]. It was first discovered in 1789 by the chemist Martin Klaproth while he was 

studying the mineral zircon, but isolated for the first time later in 1824 by the Swedish chemist Jöns 

Jakop [9] [10]. 

The main sources of the zirconia are zirconate (ZrO2-SiO2, ZrSiO4) and baddeleyite (ZrO2). Zirconate is 

more abundant, but less pure, requiring significant processing to get zirconia. By contrast, baddeleyite 

is a source of extreme purity in obtaining the material since it already contains levels of zirconia ranging 

from 96.5 to 98.5% [11].  
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1.1.2. Microstructure 

Zirconia (ZrO2) is a polymorphic material that, at ambient pressure, can exist in three different 

crystallographic phases depending on the temperature: a monoclinic (m-), a (t-) tetragonal and a (c-) 

cubic phase.  At ambient temperature and upon heating up to 1170 ºC zirconia is on its m-phase. Then, 

the t-phase form is stable between 1170 and 2370 ºC, which has a fluorite-like structure with a body-

centered cubic (BCC) unit cell. Finally, the crystallographic form is c-phase above 2370 ºC and up to the 

melting point (~ 2680 ºC). The c-phase has also a fluorite-like structure, but with a face-centered cubic 

(FCC) cell distribution. The three crystallographic forms of pure zirconia are shown in Figure 1 [12]–

[14]. 

 

Figure 1. Schematic representations of the three crystal structures of ZrO2 (a) monoclinic, (b) tetragonal, and (c) cubic [15]. 

The main drawback of ZrO2 is attributed to the displacive tetragonal (t-) to monoclinic (m-) phase 

transformations that undergoes the material, which occurs at a temperature between 850 and 1000 

ºC (depending on the cooling process). The m- configuration occupies 3-4 % more volume than the t- 

configuration, which is a relatively large volume change. When the material is cooled, there is a t → m 

phase transformation accompanied by a shear strain of ~ 0.16 and volume expansion of ~ 4 %. 

Unaccommodated, this change shape in the transformation volume induces high internal compressive 

stresses, embrittlement and cracking of the material, which result in the catastrophic fracture of the 

fabricated components. This phase transformation is also known as martensitic transformation since 

it exhibits a high-speed volume shape change that occurs by shear without diffusion [16] [17] [18]. 

The martensitic transformation makes the sample more brittle and with reduced mechanical 

properties. However, this is avoided by alloying pure ZrO2 with stabilizers. The stabilizer allows the 

retention of the t- or c- structure at room temperature, so as the m-phase does not form under normal 

cooling conditions, the volume expansion and subsequent crack formation are avoided [8] [19].  
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1.1.3. Stabilization of Zirconia 

As stated previously, it is possible to stabilise high-temperature phases of ZrO2 at low temperature by 

doping it with certain aliovalent ions, also known as stabilizers. When the temperature decreases, the 

oxygen overcrowding around the lattice hinders the small Zr atom to maintain the fluorite structure 

and generates internal strain, which is relieved by changing the atom disposition into monoclinic 

structure.  Therefore, the t- or c-phase structures can be stabilized at low temperature by the relaxation 

of the internal strain of the lattice, which can be achieved by two mechanisms [20]: 

a) by adding dopants with higher cation radius and lower valence that substitute Zr atoms and 

introduce oxygen vacancies in the lattice. This is the case of yttria stabilizer, where the 

oversized Y3+ cation substitute the Zr4+ cations and generate oxygen vacancies, which relieves 

the oxygen overcrowding around the small Zr atoms (see Figure 2) [21], and  

b) by stabilising the cation network: distorting the network (undersized dopants), dilating the 

network (oversized dopants), or creating a strong cation-O bond.  

 

Figure 2. Oxygen vacancies formation into the ZrO2 lattice through the addition of Y2O3 [20]. 

Furthermore, by increasing the amount of dopant more c-phase is formed, as illustrated in  Figure 3. 

For the ZrO2-Y2O3 system, usually a composition of 2-3 mol. % and 8 mol. % of yttria (Y2O3) is used to 

stabilize the t- and the c-phases at room temperature, respectively [21]. 
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Figure 3. Portion of the phase diagram of ZrO2-Y2O3 system [22]. 

Zirconia ceramic materials (monolithic or composites) are commonly referred to as Zirconia Toughened 

Ceramics (ZTC). Within this family, depending on the type of stabilizer used, they can be divided into 

three subcategories: TZP (Tetragonal Zirconia Polycrystals), PSZ (Partially Stabilized Zirconia) y DZC 

(Dispersed Zirconia Ceramics). 

Tetragonal Zirconia Polycrystals: Zirconia TZP is a material composed of almost 100 % t-phase 

at room temperature, with a grain size in the range of 0.2 – 1 µm. Two most common forms 

of TZP are often stabilized with yttria (Y2O3, Figure 4a) or ceria (CeO2, Figure 4b), which is why 

they are designated with the prefixes “Y” and “Ce”, respectively, and a number that represents 

the concentration of the oxide in molar percentage (mol. %). For example, 3Y-TZP is a 

polycrystalline tetragonal zirconia stabilized with 3 mol. % Y2O3. The sintering temperatures 

are around 1300 – 1600 ºC [23] [24].  

 

 

Figure 4. TEM micrographs of (a) 3Y-TZP, and (b) 12Ce-TZP; each sintered at 1300ºC for 2 h, with 1 wt.% of Mg-
Al2O3-SiO2 glass [25]. 
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Partially Stabilized Zirconia: The PSZ materials consist of a c-phase microstructure (large grain 

dimensions) with t-phase precipitates inside (finer grain dimensions). PSZ is obtained by 

adding high concentrations of stabilizer (8 – 10 mol. %), usually Magnesia (MgO) (see Figure 5) 

or Calcia (CaO) and sintering at high temperature (~ 1600 ºC) [23] [26].  

 

Figure 5. SEM micrograph of the t- precipitates in Mg-PSZ [27]. 

Dispersed Zirconia Ceramics: A composite material formed by a dispersion of t-ZrO2 in a 

proportion ranging from 5 to 30 mol. % in a ceramic matrix. The mechanical properties of the 

DZC material, especially the fracture toughness, will depend greatly on the transformability of 

the dispersed zirconia.  The most recognized example of this type of materials is zirconia 

toughened alumina (ZTA), illustrated in Figure 6 [23]. 

 

Figure 6. SEM micrograph of ZTA, where the ZrO2 grains are bright in contrast [18]. 
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Therefore, in all groups mentioned above the stabilizer maintains the t- of c-phase in a metastable 

state at room temperature. Besides the temperature, various parameters influence their stability, 

which is presented and briefly described below [8]:  

• Grain/particle size: This parameter is relevant because the t- to m- phase transformation 

occurs in the grain boundaries. Indeed, below a critical value of particle size, the surface energy 

in the interface is no longer able to withstand the energy associated with the volume change 

of the grain during the phase transformation.  

 

• Stabilizer content and distribution: The stability of the t- or c-phase is increased by increasing 

the quantity of the dopant. Therefore, heterogeneous dispersion on the dopant in the ZrO2 

will lead to zones with a higher concentration of m-phase. 

 

• Porosity and humidity: ZrO2 suffers from hydrothermal degradation since the nucleation of the 

m-phase is enhanced by water (section 1.1.4.2). Superficial porosity will increase the contact 

surface between the ZrO2 and water, especially on the surface area, and thus, reduce the 

stability of the t-phase. 

 

• Residual stresses: While compressive stresses will stabilize the t-phase by preventing swelling, 

shear and tensile stresses will promote transformation towards the m-phase. 

1.1.4. Phase transformation 

Tetragonal to monoclinic (t → m) phase transformation has a significant role in stabilized t-ZrO2 

ceramics in either improving their toughness under externally applied stress or decreasing the 

properties under a humid environment. These two mechanisms are known as transformation 

toughening and ageing, respectively. 

1.1.4.1. Toughening mechanisms 

The toughening mechanisms in zirconia-based ceramic materials are related to volume expansion and 

shear strain associated with the t → m phase transformation. The two main toughening mechanisms 

are stress-induced transformation toughening and micro-cracking toughening. 

2.1.4.1.1. Transformation toughening mechanism 
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Transformation toughening mechanism implies the increase in the fracture toughness of the materials 

as a result of a phase transformation occurring at the tip of an advancing crack. For the transformation 

toughening to be successful, there are some essential requirements [28]: 

• The material must have a metastable phase which must be capable of transforming into a 

more stable phase by the stress-induced in the crack tip. 

• The phase transformation must be instantaneous. It cannot require a diffusion process since it 

takes a long range of time.  

• It must be accompanied by a volume or shape change. 

• To ensure that there is a net increase in toughness of the material, the transformed product 

must not be significantly more brittle than the parent phase from which it forms. 

Martensitic transformations are defined as athermal and diffusionless changes in the crystal structure 

of a solid material that involve the simultaneous movement of atoms, to result in a macroscopic change 

of shape of the transformed region [28]. Therefore, in a material that has a metastable phase, the 

martensitic transformation can lead to transformation toughening of the material. This is the case of 

some stabilized zirconia materials where the stabilizer maintains the t-phase in a metastable state at 

room temperature. In these zirconia groups, the t → m martensitic transformation is a key to 

transformation toughening of the material.  

Alloying pure zirconia with stabilizing oxides such as CaO, MgO, Y2O3 or CeO2 allows the retention of 

the t- structure at room temperature [17]. Under the application of external tensile stress, the 

metastable t-zirconia phase transforms to its thermodynamically stable m-phase. Following this 

transformation, there is a slight increase in the volume of the particle and the result is that compressive 

stresses are set on the vicinity of a propagating crack, which tends to close the cracks preventing their 

growth. The result is an increase in the toughness of zirconia, preventing the propagation of cracks and 

improving the mechanical behaviour of the material against tension stresses [29] [30]. A schematic 

representation of phase transformation toughening is shown in Figure 7. 
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Figure 7. Schematic illustration of transformation toughening g mechanism in front of a propagating crack [31]. 

The increment in toughness is dependent on the ease of transformation, and therefore, depends on 

the parameters governing the stability of the t-phase. These parameters are the stabilizer content and 

distribution, the grain size, the residual stresses, and the porosity of the material and ambient humidity 

discussed in the previous section.  

2.1.4.2. Microcrack toughening 

The microcrack toughening mechanism relies on the idea that the microcracks ahead of the main crack 

can toughen the material. Due to the high stresses on the proximity of the main crack tip, stable grain 

boundary microcrack are nucleated. This microcracks can extend in response to the stress and, thus, 

lower the stress experienced by the tip on the main crack [32]. 

The microcrack toughening mechanism is also given in zirconia ceramics. Is the most common 

mechanism in ZTA [33].  When the ZrO2 is transformed from the t- to the m- phase, the associated 

volume expansion causes microcracking of the particles around the matrix. These microcracks will then 

lower the strain energy of the main crack tip and lead to the distortion and bifurcation of the main 

crack propagation path [34]. However, a high density of microcracks, rather than toughen the material 

will result in reduced fracture toughness [33]. 

Furthermore, it must be pointed out that in zirconia-based ceramic materials, generally, the presence 

of microcrack toughening mechanism is smaller compared with that of transformation toughening.  

The schematic of microcrack toughening mechanism is presented in Figure 8. 
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Figure 8. Schematic illustration of microcrack toughening mechanism [35]. 

1.1.4.2. Hydrothermal degradation 

On the other hand, the progressive and spontaneous transformation of the metastable t-phase into 

the m- one lead to the mechanical property degradation of zirconia, a process known as ageing [36].  

The uncontrolled transformation takes place, particularly, in the aqueous medium, the water vapour 

medium or the medium of other liquids, at a relatively low temperature from 65 ºC. Therefore, this 

phenomenon is also called hydrothermal degradation or low-temperature degradation (LTD) [37]. 

The LTD phenomenon was first described by Kobayashi et al. in 1981 [38]. They revealed that Y-TZP 

ceramics suffers a slow t- to m- phase transformation in the surface grains in a humid environment and 

at relatively low temperatures (150 – 400 ºC), followed by microcracking and a loss in strength. Since 

then, several models have been proposed to explain the mechanism of degradation, but it is still not 

completely well understood. However, regardless of the type of mechanism, the accepted ageing facts 

are [37]: 

• The degradation process is most intensive at a temperature of 200 - 300°C, and its time 

dependant. 

• It is caused by the tetragonal to monoclinic transformation accompanied by microcracks. 

• The transformation proceeds from the surface of the specimen into the inside. 

• A moist environment accelerates ageing. 

• Smaller grain size and higher stabilizer content retard the transformation. 

 

1.1.4.2.1 Nucleation and growth mechanism 

Various approaches have been described to explain the ageing process of zirconia. The model proposed 

by Chevalier [39] is based on a nucleation and growth mechanism:  LTD initiates at the surface of the 

zirconia material, propagates at the surface by a nucleation and growth mechanism and later 

progresses toward the bulk. First, there is nucleation on a particular grain at the surface caused by the 

water molecules. This transformation induces a volume expansion that induces stress on the 
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surrounding grains and microcracking (see Figure 9a). Then, the water penetrates through the 

microcrack on the grain boundaries and the transformation progresses from neighbour to neighbour 

(see Figure 9b). Finally, the growth of the transformation zone leads to microcracking, grain pull-out 

and finally surface roughening, which ultimately leads to strength degradation (see Figure 9c) [36]. 

 
Figure 9. Scheme of the ageing process occurring in a cross-section, showing the transformation from neighbour to 
neighbour. Transformed grains are grey. The red path represents the penetration of water due to microcracking around the 
transformed grains [39]. 

Similarly, Emilio et al. [40] studied the hydrothermal degraded ZrO2 by mean of focused ion beam 

tomography. From the FIB images they proposed that microcracks are oriented preferentially parallel 

to the surface and mostly confined in a depth of 3,8µm (see Figure 10). Furthermore, they observed 

that the microcracks are not connected to the surface. Based on that, they proposed that the 

microcracks do not act as water penetration channels, and, consequently, they do not accelerate the 

nucleation and growth process of the m-phase. they concluded that not significantly contribute as 

channels for water penetration, and, consequently, will not accelerate the nucleation and growth of 

the monoclinic phase produced by hydrothermal degradation. 
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Figure 10. Three different perspectives of the reconstructed volume of microcracks, showing platinum protective layer 
deposited previous to the tomography (yellow), microcracks network (blue) and pores (red, -small spheres-). [40] 

Furthermore, Gaillard et al. [41] studied the hydrothermal degradation mechanism of 3Y-TZP by 

degrading the material at 131ºC in water vapour for different time periods (from 1 to 60 h). The AFM 

observations showed that the t → m phase transformation occurs autocatalytically: the transformation 

starts around defects with greater residual stresses and then propagates to neighbouring areas due to 

the stress generated by the volume increase. The degradation extends autocatalytically until the 

surface is entirely transformed and then propagates into the volume. In Figure 11 it can be 

distinguished the degraded surface layer, which is characterized by microcracking and phase 

transformation. In fact, it is possible to see the uniform habit plane that separates the m-phase from 

the t-phase. Furthermore, in the study they also obtained that the thickness of the degraded layer 

appears to be constant and about 2600 nm for the highest degradation time.  

 

Figure 11.  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 [41]. 
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The hydrothermal degradation of zirconia has terrible consequences on the material, including t → m 

phase transformation and microcracking, which consequently decrease the mechanical properties of 

zirconia.  

1.1.4.2.2 Variables affecting the hydrothermal degradation 

The main factors that affect the kinetics of the degradation process are those who influence the 

stability of the metastable t-phase. Thus, a zirconia material that possesses a more stable t-phase will 

be more resistant against hydrothermal degradation (under the same external factor). The most 

important variables affecting the degradation kinetic were described in section 1.1.3, which are: (i) 

grain size, (ii) stabilizer content and dispersion, (iii) porosity of the surface, and (iv) residual stresses. 

One studied solution to deaccelerate the hydrothermal degradation is the addition of alumina (Al2O3) 

particles. As an example, Zhang et al. [42] evaluated the incorporation of Al2O3 in 3Y-TZP to improve 

the LTD resistance of the material without compromising on the mechanical properties. The results 

showed that the combined effect of stabilizing ZrO2 with a coating of Y2O3 together with the addition 

of Al2O3 significantly retarded the degradation of the material without affecting its transformation 

induced fracture toughness. In another study, Tovar-Vargas et al. [43] obtained an enhancement of the 

LTD resistance with the addition of alumina to ceria-calcia stabilized zirconia material. 

Another solution proposed to enhance the LTD resistance of zirconia is the application of a nitriding to 

the material, which is a thermal treatment where N2 is added to the surface of the zirconia. The 

nitrogen replaces oxygen in the crystal structure and stabilizes the zirconia tetragonal structure at low 

temperatures. Dorado-Bustamante et al. [44] analysed the effect on ageing of incorporating nitrogen 

to 3Y-TZP and saw that the treatment increased the stability of the material and improved its LTD 

resistance. 

1.1.5. Properties 

Zirconia material is characterized for its excellent mechanical properties since they are similar to those 

of stainless steel. However, its properties vary depending on the crystalline structure in which the 

atoms are disposed, as depicted in Table 1. The t-phase has increased fracture toughness and strength 

compared with the m- or c- ones, as transformation toughening phenomena only occurs on 

metastable t-phase. Also, the formation of c-phase, richer in stabiliser, can impoverish the surrounding 

t- grains, making them more susceptible to LTD (see section 1.1.4.2.2). Therefore, when mechanical 

properties prevail, it is more desirable the stabilization of the t-structure. 
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Table 1. Comparison of some mechanical properties of m-, t-, and c- zirconia. Where  is the density, E is the Young’s modulus, 

HV is the Vickers hardness, f is the fracture strength and KIC is the indentation fracture toughness. 

Property m- zirconia  [45] [46] t- zirconia  [47] [48] c- zirconia  [49] 

ρ (g/cm3)         [50] 5.83 6.10 6.09 

E (GPa)              [41] 185 210 240 

HV (GPa) 11 13 15 

σf (MPa) 220 900-1200 290 

KIC (MPa·m1/2) 3-4 7-10 1.5 

Besides the excellent mechanical properties of zirconia, this material has other interesting properties 

that make it suitable for many applications. These key properties are [11] [16] 

• High-temperature stability: the maximum operating temperature is 2100 ºC 

• High density: 4 - 6 g/cm3 

• Chemical inertness 

• Biocompatibility 

• Good wear and corrosion resistance 

• Low thermal conductivity: ~ 2.5 W/m·K at 25 ºC (20 % that of Al2O3) 

• Good thermo-shock resistance (ΔT = 400 – 500 °C) 

• High thermal expansion coefficient: ~ 10 · 10-6 K-1 at 25ºC 

• Good ionic conductivity at high temperatures (500ºC): < 1·10-4  S·cm-1 

1.1.6. Applications 

Zirconia has already been widely used over 40 years for multiple sectors of the industry and because 

of its great impact, new possible applications are being continuously investigated. The physical, 

mechanical and thermal properties stated in the previous section make this material desirable for a 

wide range of application that vary from the automotive or structural ambit to medical purposes. Even 

though this section is focused on the biomedical applications of the zirconia, a summary of some other 

industrial applications is listed hereunder. 
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• Automotive industry 

Within the automotive industry, zirconia it is used to fabricate automotive engine components. 

One utilization is ceramic liners or fillings as piston crowns, main faceplates, and piston liners 

attached to metal engine elements (Figure 12), provided its high thermal resistance and high 

thermal expansion coefficient [51].  

 

Figure 12. Zirconia ceramic engine piston [52]. 

• Refractory applications 

Zirconia powder is used in refractory coatings to enhance thermal shock resistance and abrasion 

resistance. The refractory applications for zirconia include insulating fibre and thermal barrier 

coatings, electric furnace heaters over 2000 ºC in oxidizing atmospheres (Figure 13), between 

others [53]. 

 

Figure 13. Zirconia refractories in furnaces [54]. 

• Cutting instruments and abrasion tools 

Zirconia is used to make abrasion wheels and cutting tool ends (knives and scissors) (Figure 14). 

Due to its superior strength, hardness and wear resistance when compared to Al2O3, these tools 

retain their edge and stay sharp longer [53]. 
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Figure 14. Zirconia ceramic knives [55]. 

• Energy applications 

Stabilized zirconia, in particular 8Y-TZP, is one of the materials most used in oxygen sensors (Figure 

15) and solid oxide fuel cells (SOFC) electrolytes because of its high level of oxygen-ion conductivity 

and its stability in both oxidizing and reducing atmospheres at high temperatures [53]. 

 

Figure 15. Zirconia oxygen sensor [56]. 

Apart from the applications mentioned, zirconia material has been mostly used in the biomedical field. 

It is considered to be a suitable ceramics material for biomedical applications because of its superior 

mechanical properties as well as high biocompatibility compared with other ceramics. Besides, 

zirconia-based ceramics have high corrosion resistance and lightweight. In the biomedical field, it is 

used in surgical tools and instrumentation manufacturing. However, the most widespread applications 

are dentistry and orthopaedics, specifically in the area of femoral heads for total hip replacements. 

1.1.6.1. Hip prosthesis 

Among the most outstanding application of zirconia, hip prosthesis manufacturing has drawn 

significant attention, especially for the femoral head component. The hip prosthesis components were 

formerly made of metal alloys as Co-Cr or Cr-Ni alloys. However, these materials produced an 

inflammatory response of the tissue due to the wear particles generated during the lifetime of the 

prosthesis, and yet the problem was greater with the particles released due to the corrosion.  
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Bioceramic materials were introduced as an alternative to the traditional metallic hip prosthesis. Al2O3 

was first used as an alternative in the 1970s. Al2O3 ceramics have biocompatibility, high wear 

resistance, and chemical durability, making them suitable for orthopaedic bearing. However, a high 

incidence of fractures of Al2O3 femoral heads was reported due to the poor fracture toughness of the 

material [57]. To avoid this risk, in the late 1980s zirconia was introduced, which has one major 

advantage over Al2O3: it offers 2 to 3 times higher flexure strength and fracture toughness, and thus its 

fracture resistance is significantly higher [58]. 

Among all zirconia-based ceramics materials, yttria-stabilized zirconia (Y-TZP) has become the most 

attractive alternative in hip femoral heads manufacturing (Figure 16). Besides being biocompatible and 

wear and corrosion-resistant, this zirconia type is characterized because of its increased fracture 

toughness due to the phase toughening mechanism [58].   

 

Figure 16. Example of a femoral head made of zirconia [13]. 

Nevertheless, the used of zirconia reduced drastically when in 2001 about 400 femoral heads failed 

only two years after their implantation in patients, when the expected lifetime was of 15 years. After 

much research, it was discovered that those failures were due to the hydrothermal degradation of 

zirconia [39]. The reasons of failure for a zirconia prosthesis implanted in the body are double. On one 

hand, because of the ageing phenomenon, the surface of the material is modified, leading to an 

increase in wear. On the other hand, microcracking processes may also promote premature failure of 

the device [10]. Nonetheless, the unfortunate event of femoral head premature failure has driven the 

scientific and orthopaedic community into more detailed research regarding the ageing phenomena 

of zirconia.  

1.1.6.2. Dentistry 

Zirconia is considered one of the best ceramics products in the market for dental reconstruction. Since 

Y-TZP was introduced to dentistry for the first time in the early 1990s, it has been increasingly used in 

the field of dental technology  [59]. Nowadays it is estimated that between 15.000 and 20.000 zirconia 

dental structures are made every day worldwide  [53]. 
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The use of zirconia in dentistry arises from the search for the ultimate material to improve the aesthetic 

outcome of metal restorations. The search began in 1960, when ceramics materials (i.e. porcelain) 

were initially used as coating materials of the metallic implants, for a better aesthetic result. However, 

these ceramic materials were not characterized by having good mechanical properties, especially, they 

presented low strength, porosity and impurities [60]. Later on, zirconia and alumina coatings were 

introduced as an alternative, with zirconia coated-implants showing the best results regarding 

biocompatibility and strength. Furthermore, since the discovery of the stabilization of the metastable 

tetragonal phase of zirconia in 1990, the interest for zirconia-based ceramics in restorative medicine 

increased. Zirconia overshadowed alumina and also dental restorations started directing into metal-

free prosthetic restoration. [61] 

Zirconia meets the combined requirements for excellent aesthetic and superior strength. The 

transformation toughening mechanism provides this material with a high fracture toughness 

compared with other ceramics. Aside from its metal-like mechanical properties, zirconia has many 

advantages over alumina or metal implants, which are [12]: 

1. Decreased hypersensitivity compared to that caused by some metal implants.  

2. Much lower conductivity than alumina, which reduces sensitivity to thermal changes.  

3. Improves the aesthetic result, eliminating the shine of metals. 

Zirconia is increasingly being used for the fabrication of crowns, bridges, implants, implant abutments, 

veneers and orthodontic brackets, among others [53]. In Figure 17 some examples of dental 

applications of zirconia are shown. 

 

Figure 17. a) Dental crowns [62], b) three crown bridge [31], c) all ceramic implants, d) zirconia abutment for implants 
[63], e) cemented zirconia restorations and [63] f) radiographic evaluation of the two zirconia restorations [63]. 
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• Zirconia crowns and bridges  

Dental crowns are the caps that mimic the teeth by capping and encircling the teeth, 

reconstructing their shape, size and durability. Compared to ordinary metallic and porcelain 

crowns, zirconia-based crowns have the advantage of being translucent, which make possible to 

successfully mimic the natural tooth [64]. 

One important argument is the durability of the zirconia crown compared to other ceramics 

crowns, which are also aesthetically favourable, and to the metallic ones. A clinical study 

performed by Larsson et al. [65] revealed a cumulative 5-year survival rate of 97.1% for implant-

supported zirconia crown., which is comparable to that of conventional porcelain-fused-to-metal 

crowns. Furthermore, Brignardello-Petersen [66] performed a study to determine the 5 and 10-

year survival rate of zirconia-based all ceramics single crowns  to 56 patients who had received 137 

TSZCC. The obtained results showed a success rate of 97 and 62 % at 5 and 10 years, respectively. 

• Zirconia brackets 

Dental brackets made of zirconia have some advantages compared to the regular metallic ones: (i) 

superior wear and deformation resistance, (ii) superior strength, (iii) they reduce plaque adhesion, 

(iv) improved aesthetic [53]. 

• Zirconia implants and implant abutments 

Commercially, the most used implants and implant abutments are made of titanium. However, the 

main disadvantage is the management of the greyish appearance of the soft tissue of the 

surrounding of the implant due to the peri-implant mucosa. Zirconia implants restoration allow 

preserving soft tissue colour more similar to the natural one compared to metal restorations [63]. 

This is because, besides good strength, zirconia implants offer enhanced biocompatibility, metal-

like radiopacity for better radiographic evaluation, reduced bacterial adhesion, reduced plaque 

accumulation, and subsequently, low inflammation risk [53]. 

The clinical studies published to date on zirconia-based implants and implant abutments showed 

promising results of the implant survival rate. Cao et al. [67] reviewed several studies to evaluate 

the long-term survival of titanium implants with zirconia abutments after 5 years. The overall 

implant survival rate of implants with zirconia abutments was estimated to be 96 % and compared 

with all-titanium implants, the results significantly favoured implants with zirconia abutments. 

Also, Zembic et al. [68] resumed from six published clinical studies promising survival rate of 

zirconia implant. These studies showed low fracture rate of zirconia implants ranging from 0 to 4 

%, compared to higher rates ranging from 10 to 12 % made out of glass-infiltrated ceramic after 5 
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years of clinical follow-up. Also, the authors stated that the fracture rate of the “gold standard” 

titanium implant at 5 years amounts to 1.6 %, being not much lower than the one obtained for 

ceramic implants.  

Zirconia in dentistry 

Ceramics are very important in the science of dental biomaterials. Due to an increasing interest in 

aesthetics and outcomes regarding toxic and allergic reactions of metal implants wit body tissues, the 

dentistry community and researchers are looking for metal-free and tooth-coloured restorations [69]. 

Therefore, in the latter part of the 20th century, special attention has been given to the development 

of new high strength dental ceramics, which appear to be less brittle, less limited in their tensile 

strength, and less subjected to time-dependent stress failure [70]. 

Among all those dental ceramics, zirconia-based materials have stood out in contemporary restorative 

dentistry. These materials, also known as “ceramic steel”, have shown extraordinary mechanical 

properties for dental use: superior toughness and high fatigue and wear resistance. Besides, other 

significant advantages of zirconia must be highlighted [64]: 

(i) Aesthetics: Zirconium presents a bright and white tooth-like natural colour, which is a major 

advantage for tooth replacement applications. Zirconia implants appear even more natural 

than ceramics crowns with metal implants underneath. Moreover, the white colour of 

zirconia implants also eliminates the possibility of a darkened gum line that sometimes occurs 

due to metal implants.  

(ii) Hygienic: Zirconium dental implants are shown to produce less plaque accumulation 

compared to the titanium ones, which will promote healthier gums around the implant with 

a lower inflammation risk.  

(iii) Strength: The strength of zirconia implants is equal to that of titanium implants.  

(iv) Biocompatible: Zirconium is inert and therefore it does not cause any allergic reactions. It is 

well tolerated by both bone and soft tissue when implanted in the body.  

1.1.7. Types of zirconia used in dentistry 

Although many types of zirconia-containing ceramic systems are available, only three of them are 

commercially available for dental healthcare applications. These are magnesium cation-doped partially 

stabilized zirconia (Mg-PSZ), zirconia-toughened alumina (ZTA), and the most widely used yttrium 

cation-doped tetragonal zirconia polycrystals (3Y-TZP) [17]. 
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1.1.7.1. Magnesium partially stabilized zirconia 

The microstructure of Mg-PSZ consists of fine t- precipitates embedded in a coarse c-zirconia matrix 

(30 – 60 µm) partially stabilized by 8 to 10 mol. % of MgO (Figure 18). This zirconia type is sintered at a 

temperature much higher than other composites, between 1680 and 1800 ºC. Besides, the cooling 

cycle requires strict control since the t-phase precipitates at this stage (~ 1100 ºC) and its volume 

fraction controls the fracture toughness of the material  [17] [64]. 

 

Figure 18. (a) Mg-PSZ microstructure with large c-grains (15-50 µm) and tiny t- precipitates [71]; and (b) lenticular t-ZrO2 
precipitates on c-faces [30]. 

Although much research has been dedicated to Mg-PSZ for its possible biomedical application, this 

zirconia type is reported unsuitable for dentistry because of its high porosity, associated with its large 

grain size that may lead to surface wear and large crack propagation [72]. Furthermore, Mg-PSZ 

precursors free of SiO2 are difficult to obtain, so magnesium silicates may form and reduce the 

stabilizing Mg content in the grain.  

A dental ceramic system called Denzir–M (Dentronic AB, Skellefteå, Sweden) is an example of Mg- PSZ 

ceramic currently available for hard machining of dental restorations [30]. 

1.1.7.2. Zirconia Toughened Alumina 

Zirconia Toughened Alumina (ZTA) is a composite material formed by t-ZrO2 dispersed in an Al2O3 

matrix, which utilizes the stress-induced transformation of ZrO2 to achieve excellent mechanical 

properties. In contrast with the other two classes, the stability of the t-phase at room temperature 

does not necessarily involve the use of stabilizers but instead is controlled by the size, morphology and 

particle localization (intra-or intergranular) [73]. 

Among the dental ceramics, the only commercially available dental product which is ZTA is the In-

Ceram Zirconia (Vident, Brea, CA, USA), consisting of 33 vol. % of 12 mol. % CeO2-stabilized zirconia 
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(12Ce-TZP) added to In-Ceram Alumina.  A positive aspect of this zirconia type is that Ce-TZP ceramics 

usually exhibit better thermal stability and higher temperature degradation resistance than Y-TZP 

ceramics under similar conditions. However, as a drawback, ZTA shows a greater amount of porosity 

(between 8 and 11 %) when compared to Y-TZP (Figure 19), which explains the generally lower 

mechanical properties of In-Ceram Zirconia  [11] [68]. 

 

Figure 19. Microstructure of ZTA slip-cast ceramic. A: alumina grains, Z: zirconia grains, and black arrow indicates pore [74]. 

1.1.7.3. Yttria full stabilized tetragonal zirconia polycrystal  

The 3Y-TZP bioceramic consist of ZrO2 stabilized with 2 to 3 mol. % of yttria (Y2O3) that is made of 100 

% fine metastable t-grains, known as Y-TZP [11]. To date, studies on the potential of 3Y-TZP in dental 

applications continue to increase. It is the type of zirconia most frequently utilized for different dental 

applications since its mechanical properties are similar to those of metals and better than the other 

zirconia-based ceramic materials, whereas the colour approximates that of natural teeth [64]. 

Furthermore, it shows low porosity and high density [72].  

It is important to point out that the mechanical properties of 3Y-TZP strongly depend on its grains size. 

The critical grain size for this material is 1 µm. If the size exceeds this threshold, 3Y-TZP is less stable 

and more susceptible to spontaneous t- to m-phase transformation whereas smaller grain sizes (< 1 

m) are associated with a lower transformation rate. Moreover, when the grain size is below 0.2 µm 

the transformation is not possible, and the fracture toughness of the material is reduced [68]. The 

sintering procedure dictates the grain size of the material, meaning that it has a strong impact on both 

the final properties and stability of the final product. Higher sintering temperature and longer sintering 

periods produce larger grain sizes, and consequently, the t- phase is less stable which results in reduced 

mechanical properties. The 3Y-TZP used in dental applications has a microstructure containing small 

grains which size range from 0.2 to 0.5 µm in diameter, depending on the sintering temperature (Figure 
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20) [17]. Also, most manufactured of 3Y-TZP for dental applications recommend to eliminate grinding 

or sandblasting to maintain surface integrity and prevent the transformation of t → m [73].  

 

Figure 20. 3Y-TZP ceramic sintered at (a) 1300 ºC for 2 hours and (b) 1500 ºC for 2 hours [74]. 

Finally, it is necessary to mention that the Y2O3 stabilizer content also influences the grain size and final 

properties of the material. Experiments have been performed regarding the optimum content of yttria, 

which concluded that 3 mol. % Y2O3 is the optimal amount content so there is a balance between 

ageing and the mechanical properties. Higher yttria content (4 mol. %) has a higher hydrothermal 

resistance because the m-phase is reduced. However, this advantage is negated because bigger grains 

are obtained, and consequently, there is a notable decrease in fracture toughness [24]. 

In Table 2 are presented the chemical composition as well as some microstructural and mechanical 

properties of Mg-PSZ, ZTA, and 3Y-TZP. In it can be seen that Y-TZP ceramic exhibits excellent 

mechanical properties among the other ceramics, especially its high bending strength. Furthermore, 

3Y-TZP ceramic has a much higher fracture toughness compared to more brittle ZTA, making this 

material more preferable for this application, even if the compressive strength and hardness are lower.  

Table 2. Comparison of some properties of Mg-PSZ, ZTA and Y-TZP bioceramic materials [21]. 

Property Mg-PSZ ZTA Y-TZP 

Chemical component ZrO2 + 8-10mol. % 

MgO 

30wt% ZrO2 + 

70wt% Al2O3 

ZrO2 + 3mol. % 

Y2O3 

Density [g·cm-3] 5.74-6 ≥ 3.97 >6 

Porosity [%] + 0.8-0.11 <0.1 

Tensile strength [MPa] 450-700 > 500 900-1200 
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Compression strength [MPa] 2000 4100 2000 

Young modulus [GPa] 200 380 210 

Fracture toughness [MPa·m1/2] 7-15 4 7-10 

Thermal expansion coefficient [K-1] 7-10 · 10-6 8 · 10-6 11 · 10-6 

Thermal conductivity [w·(m·K)-1] 2 30 2 

Hardness [HV0.1] 1200 2200 1200 

1.1.8. Biocompatibility 

“Biocompatibility refers to the ability of a biomaterial to perform its desired function concerning a 

medical therapy, without eliciting any inflammatory, allergic, immune, toxic, mutagen, or carcinogenic 

effects in the recipient or beneficiary of that therapy, but generating the most appropriate beneficial 

cellular or tissue response in that specific situation, and optimising the clinically relevant performance 

of that therapy“ [75]. 

Biocompatibility is one of the most important advantages of zirconia-based ceramics, which may be 

attributed to its good hydrophilicity and protein adsorption [76]. Since the first proposal of zirconia 

material for medical applications in 1969, many in vitro and in vitro studies have confirmed its high 

biocompatibility [77]. An overview of some studies regarding the cytotoxicity, mutagenicity and 

radioactivity of zirconia is featured below. 

In vivo and in vitro studies have been performed to evaluate the cytotoxicity of zirconia. In vitro tests 

have shown no toxicity in fibroblasts [78], lymphocytes [79], macrophages [80], and neither in 

osteoblast cells [81] [82]. Furthermore, Dalal et al. [83] observed that submicron-sized (0.2 - 0.9 µm) 

Zr-based particles, induced less osteoblast, fibroblast, and macrophage toxicity/reactivity when 

compared with larger (1 µm) CoCrMo-alloy and Ti-alloy particles. Several in vivo studies in various 

animals (rabbits, rats, monkeys) have also demonstrated no toxic effects of zirconia when implanted 

into soft tissues or hard tissues [84]–[86]. 

Radioactivity of zirconia has also been evaluated since zirconia powder contains small amounts of 

radionuclides from the uranium, radium and thorium actinide series. However, after purifying 

procedures, zirconia powders with low radioactivity (< 100 Gyh-1) can be achieved, which is near to 

those of alumina and Co-Cr alloys for medical use [87]. Besides, the radioactive potential of zirconia 

has been investigated by Bavbek et al. [88] and Giussano et al. [89] and both studies indicated that 

zirconia ceramic possesses negligible radionuclide activity that can be considered lower than many 
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hazardous radioactive appliances in our environment. Mutagenicity of zirconia has also been evaluated 

and all studies suggested that zirconia does not generate mutation of the cellular genome [72,] [73].  

1.1.9. Biological response to implants 

The interface zone between an implant and the surrounding tissue is the most important factor in 

defining the biological response to the implant. When an implant is placed in contact with a 

physiological environment, different species interact with the material surface. Water and inorganic 

ions are the first molecules to come in contact with the surface, and then small organic molecules and 

proteins may be adsorbed onto it. Later, bigger entities like bacteria and human cells reach the surface 

and their adhesion is strongly mediated by the adsorbed protein layer on the surface of the implant 

[21]. 

In terms of the biological reaction of the host to the implanted foreign material, the success of the 

implant depends on two competitive processes: bacterial colonization versus the adhesion of 

eukaryotic cells and formation of healthy tissue on the surface. This is the so-called “race for the 

surface”, which suggests that the fate of the implant relies on the outcome of these two opposite 

pathways [92]. If the race is won by tissue cells, then the surface is covered by tissue and become less 

vulnerable to bacterial colonization. On the other hand, if the race is won by bacteria, tissue cells will 

not be able to subsequently colonize the surface and the success of the implant would be 

compromised. Unfortunately, during surgery microorganisms are frequently introduced on the implant 

surface, so they can start the race for the surface before this integration can occur [93]. 

1.1.9.1. Bone tissue response 

There are three key concepts to take into account to study the bone response to the implant, 

osteoinduction, osteoconduction and osseointegration. These three phenomena are interrelated, but 

they are not identical. Based on ref. [94], they are defined as follows:  

• Osteoinduction 

This term means that primitive, undifferentiated and pluripotent cells are somehow stimulated to 

develop into the bone-forming cell lineage. It is the process by which osteogenesis is induced.  

In addition to bone cells (i.e. osteoblasts, osteocyte and osteoclasts), bone and adjacent tissues 

also contain some undifferentiated cells like hematopoietic and mesenchymal stem cells. At the 

time of injury, those cells are recruited and developed into differentiated preosteoclasts cells that 

will digest damaged bone, and into osteoblasts that will form new bone. Osteoinduction plays an 
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important role in bone healing and implant anchorage since the majority of the newly formed bone 

depends on the osteogenic induction as depicted in Figure 21. 

 

Figure 21. Schematic representation of the induction process [94]. 

• Osteoconduction  

Osteoconduction is defined as the growth of bone on the surface of a foreign material. In the case 

of the implants, bone conduction is highly dependent on the biomaterial used and its interactions 

with cells. Thus, an osteoconductive surface is one that permits bone growth on its surface or down 

into pores, channels or pipes.  

• Osteointegration 

Many definitions of osteointegration have been suggested, but the most biomechanically oriented 

one is: “A process whereby clinically asymptomatic rigid fixation of alloplastic materials is achieved, 

and maintained, in bone during functional loading”. 

Osteointegration of the implant depends on: 

(i) mechanical interdigitation, which ensures the primary fixation of the implant with the 

bone after surgery, and  

(ii) initial cellular interaction at the implant surface which promotes the osteoinduction 

and osteoconduction processes [3] 

Both osteoconduction and osseointegration depend not only on biological factors but also on the 

response to the foreign material. However, the main difference between them is that osteoconductive 

response may be rather short-lived while successful osseointegration maintains its bone anchorage 

over a long period. Therefore, osseointegration contributes to the long-term durability of the implant, 

meaning that a strong and durable connection must be achieved between the peri-implant bone and 
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the implant surface (Figure 22). Incomplete osteointegration leads to aseptic loosening of the implant, 

therefore it is of vital importance to evaluate the osseointegration capacity of the implant material. 

 

Figure 22. Left: Zirconia machined implant showing a low degree of bone-to-implant contact after 12 weeks of healing: (a) 
implant; (b) bone; (c) tissue at the neck of the implant; (d) peaked threads. Right: Zirconia sandblasted implant showing a 
high degree of bone to implant contact after 12 weeks of healing: (a) implant; (b) arrows showing mineralized bone at the 
neck of the implant [15]. 

Zirconia has shown to have good osseointegration capability. Josset et al. [82] investigated human 

osteoblasts in culture with zirconia and found that the osteoblasts showed good adhesion and 

spreading properties. Pandey et al. [95] also ensured good osteoconductivity of zirconia through in 

vitro human osteoblast cell culture. Furthermore, various studies have compared osseointegration of 

zirconia implants with titanium ones. Depprich et al. [96] did 12 weeks in-vivo investigation by 

introducing zirconia and titanium implants into the tibia of minipigs and obtained similar results in both 

cases. Similarly, Marques et al. [97] demonstrated that zirconia and titanium presented a similar 

pattern of bone healing after 60 days of implantation in rabbits. Even better, Kohal et al. [98] showed 

greater bone stability in zirconia implants (45/59 %) than in titanium (36/45 %) after 14 and 28 days. 

1.1.9.2. Bacterial adhesion 

Under favourable conditions, bacteria can attach to the surfaces of medical devices implanted in the 

human body, which is often the initial step in implant infection [99].  

Bacteria constitute an entire ecosystem. As they cannot survive alone, they tend to organize into 

complex structures that facilitate their survival, called colonies. A colony is composed of the 

microorganisms together with their extracellular matrix (composed of secreted polymers like 

saccharides, proteins and glycoproteins). In the presence of a material, these microorganisms are 

capable of binding to the surface by attractive Van der Waals forces, electrostatic and hydrophobic 

interactions. These bacteria, known as first or early colonizers, secrete their own matrix and signalling 
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molecules recruiting secondary or late colonizers, thus initiating the formation of a biofilm [21]. The 

biofilm is a heterogeneous structure, both in space and over time, with “water channels” that allow 

transport of essential nutrients and oxygen to the cells growing within the biofilm [100]. A schematic 

of the biofilm formation process is presented in Figure 23. 

 

Figure 23. Schematic representation of the biofilm formation steps [101]. 

It only takes a few adherent bacteria to attach to the implant surface, grow and multiply to form a 

biofilm (Figure 24). Once established, biofilms are highly resistant to the immune system and 

conventional drugs, such as antibiotics, and may also spread and infect other tissues. The infections 

derived from biofilm formation on implants surfaces affects patient morbidity and even results in death 

in severe cases [3].  

 

Figure 24. Scanning electron microscopy (SEM) micrograph depicting a developed biofilm in a zirconia sample [102]. 
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Within the oral cavity, the mouth, being a humid environment with a practically constant temperature 

of 36 ºC, is the perfect ecosystem for the bacterial microflora. Teeth, crown, dental prostheses and end 

osseous implants provide a surface to form the biofilm, which can lead to dental pathologies and 

ultimate implant failure.  

One factor that influences the bacterial adhesion process is the biomaterial used. Zirconia has been 

proved to be satisfactory since it reduces plaque formation on the implant surface, and consequently, 

leads to good healing and successful implant treatment [103] [104]. Furthermore, when compared to 

titanium, zirconia implants have shown less bacterial adhesion. Scarano et al. [105] investigated the 

bacterial adhesion of titanium and zirconium oxide and reported a degree of surface coverage by 

bacteria of 12.1 % on zirconia compared to 19.3 % on titanium. Rimondini et al. [106] confirmed these 

results with an in vivo study, in which Y-TZP accumulated fewer bacteria than titanium in terms of the 

total number of bacteria and the presence of potential putative pathogens.  

The adhesion process is not only dependent on the type of biomaterial used but also on the material 

surface roughness and wettability. This will be discussed in the next subsection.  

1.1.10. Influence of the surface properties on implant-tissue response  

The interaction between the implant and the surrounding tissue depends on the characteristics of the 

implant surface. In particular, the surface characteristics that influence the process of osseointegration 

include surface chemistry (e.g. chemical composition), topography (e.g. roughness), wettability and 

surface energy, surface charge and potential, and the crystal structure [107]. Among these, surface 

wettability and free surface energy, as well as surface roughness, are considered to be crucial [21]. 

However, such surface properties (specially wettability and surface roughness) are also known to affect 

bacterial adhesion and biofilm formation [3]. Hence, one of the main challenges in the design of an 

implant surface is to effectively promote tissue integration without favouring biofilm formation.  

Thus, a brief discussion of the influence of surface roughness and wettability on both osseointegration 

and bacterial adhesion is presented hereunder.  

1.1.10.1. Roughness 

In terms of cellular response, many studies have proven that increasing the average surface roughness 

(Sa) values of implant materials favours the interaction between bone cells and the surfaces, 

accelerating and increasing the quality of bone to implant contact (BIC) [108]–[112]. This is because 

textured implant surfaces provide cells with broader adhesion areas (i.e. to establish focal adhesion 

contacts and subsequent mechanotransduction) and irregularities that allow a better fit and 

mechanical interlocking, which at the end favour the osseointegration process [113]. 
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Since roughness is a scale-dependent parameter, when referring to implants the authors usually 

distinguish micro-roughness (roughness at the micrometric length scale) from nano-roughness 

(roughness at the nanometric scale). In this regard, researchers have proven that each topographical 

scale influence tissue response at a different level (Figure 25). On the one hand, micro-surface 

roughness attempts to enhance the osteoconduction (in-migration of new bone) through changes in 

surface topography, and osteoinduction (new bone differentiation) along the implant surface by 

utilizing implant as a vehicle for local delivery of bioactive agents [114]. Lossdörfer et al. [115] and 

Boyan et al. [116] also reported that implant micro-roughness enhanced osteoblast differentiation 

while decreasing osteoclast formation and activity, which may be related to altered attachment to the 

surface. Besides, it has been demonstrated that there exists an optimal range in the micrometre scale 

since moderately average surface roughness (Sa between 1.0 and 2.0 micron) show stronger bone 

responses than smoother or rougher surfaces [110] [117]. On the other hand, nanometer length-scale 

modification can also influence cell behaviour. Several in vitro [118]–[120]  and in vivo [121] [122] 

experiments have demonstrated higher osteoblast attachment and proliferation and stronger bone 

tissue incorporation when implants are provided with nanostructures. Moreover, nanotopographies 

have also been shown capable of stimulating the differentiation of mesenchymal stem cells into the 

osteoblastic lineage [3]. 

  

 

Figure 25. Schematic of the interactions between bone and the implant surface at different topographical scales [21]. 

However, the roughness of the substrate is also known to play a significant role in bacterial attachment 

and biofilm formation. For instance, Lorenzetti et al. [123] demonstrated that microscopic roughness 

increased the interaction surface between bacterium and substrate, resulting in an “interlocking” 
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effect and undesired high bacterial adhesion. Mitik-Dineva et al. [124] reported that the number of 

bacteria adhering to the etched nanoscale surface was observed to increase by a factor of three.  Yu et 

al. [125] also suggested that nanoscale surface roughness of zirconia influenced initial bacterial 

adhesion force and early attachment. 

1.1.10.2. Wettability 

The surface wettability or hydrophilicity of implants is another property that is considered as one of 

the key factors controlling the adsorption and interaction of proteins with the implant surfaces and 

subsequent cell adhesion [126]. This physicochemical parameter can be quantified by the value of the 

water contact angle (CA). A surface with a CA of less than 90° is considered hydrophilic and if the CA is 

equal or close to 0°, it is considered as a super-hydrophilic surface. On the contrary, a hydrophobic 

surface is defined when the value of CA is more than 90° [127]. 

The wettability of implants is influenced by both surface topography (roughness) and chemistry 

(chemical groups on the surface, e.g. hydroxyl groups). It has been demonstrated that hydrophilic 

surfaces favour the osseointegrations process by improving the surface reactivity with the surrounding 

ions, amino acids, and proteins [128]–[130]. Those effects are supported by improvements in the BIC 

and bone anchorage during bone healing in the early stages [131]. 

Surface modification of zirconia-based ceramics 

As discussed in the previous section, the surface properties of the implant strongly influence the 

biological response of the tissue. Alterations of the surface topography and in the physicochemical 

properties play an important role in regulating bacterial infection, inflammation and bone formation  

[69]. Hence, various surface modification approaches have been investigated to modify the surface 

properties of zirconia implants, to promote osseointegration and limit infections. Nevertheless, 

ceramics materials are sensitive to any surface alteration [132]. Surface modification can induce 

surface defects, which strongly influence the mechanical properties, and in the particular case of 

zirconia-based ceramics, it can promote the ageing phenomenon. Therefore, special attention must be 

placed on properties on the material after the surface modification procedure. 

Accordingly, the present section gives an overview of the current surface modification techniques that 

have been used to enhance the osseointegration behaviour of zirconia-based ceramics implants. 

Studies about their impact on mechanical reliability are also added (when documented).   
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1.1.11. Grinding/polishing process 

Grinding and polishing process is part of the typical processing route of implants. The grinding process 

removes saw marks and cleans the specimen surface; and subsequently, polishing is used to remove 

the damage induced by the abrasive particles of the grinding papers [133], as shown in Figure 26. 

Grinding significantly increases the roughness, whereas appropriate polishing can result in smooth 

surfaces [134].  

 

Figure 26. Schematic representation of grinding (left) and polishing processes (right) [135]. 

Grinding/ polishing is one of the oldest surface modification methods. Its principal advantage is that it 

is easy to implement which allows controlling the surface topography to some extent, by monitoring 

the processing conditions of grinding/polishing (i.e. grit size, speed, etc.). Moreover, it is possible to 

provide the surface with directional patterns. By contrast, the surface pattern complexity that could 

be achieved by grinding is limited and more time-consuming when compared with other techniques 

as laser patterning. Besides, another major issue of grinding/polishing is that it is known to affect the 

properties of zirconia: it induces changes on the surface (roughness, microstructural modification, 

residual compressive stresses, cracks, texture, etc.), which consequently, may modify the mechanical 

properties, ageing behaviour and cellular behaviour of the material [136].   

Regarding the cellular response of grinded/polished zirconia, Minguela et al. [137] investigated the 

influence of surface topography on the adhesion, proliferation and differentiation of osteoblastic cells. 

They prepared samples with a range of topographies by combining different roughness and 

directionalities (Figure 27). The results indicated that above certain roughness level (Sa = 150 nm), only 

when combined with unidirectionally oriented patterns, cell alignment and attachment was favoured. 

Despite more research in zirconia is needed, previous data reported a similar effect on ground titanium 

surfaces [138], where Sa = 150nm showed the optimal cell adhesion behaviour.  
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Figure 27. WLI topographical images of the specimens after grinding surface modification., which in increasing levels of 
roughness (from 1 to 4). Multidirectional (M) and unidirectional (U) patterns are displayed [137]. 

Minguela et al. [137] also studied the mechanical response and ageing behaviour of Y-TZP after 

grinding/polishing. The obtained results demonstrated that the changes induced by grinding/polishing 

procedures can improve surface mechanical properties, in particular apparent indentation fracture 

toughness. This property is slightly higher in rougher samples, due to the t → m phase transformation 

induced during the process. By contrast, regarding the ageing behaviour, they found that coarse 

grinding accelerated ageing. Instead, the samples that presented intermediate roughness (Sa = 16nm) 

displayed an excellent ageing resistance due to the recrystallization of the grains. Similarly, Lai et al. 

[139] reported small-grit grinding improved the strength and ageing resistance of Y-TZP dental zirconia 

material. Thus, the processing conditions (grit size, speed, etc.) should be chosen carefully to avoid 

damage and ensure implant reliability. 

1.1.12.  Sandblasting  

Sandblasting, also known as airborne particle abrasion, is a process of impinging a stream of particles 

on to a target surface with pressure, see Figure 28. The operating principle consists of particles flowing 

with the air speed through a nozzle and hitting the target surface from some distance. The immediate 

consequence of sandblasting is the erosion of the material due to the impact of the particles (usually 

alumina), which produces a surface with micro-roughness. Several parameters affect the roughness on 

the implant surface, mostly particle size, shape, and kinetic energy [61].  
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Figure 28. Schematic representation of the sandblasting process [61]. 

 The key strength of sandblasting is the possibility of performing a homogeneous and gentle 

anisotropic abrasion on hard materials such as ceramics or glass (see Figure 29). However, the 

drawback of this technique is that it could slightly alter the surface chemistry due to inevitable Al2O3 

contamination. However, this can be overcome by chemical etching treatment (more information is 

available in section 1.1.13), which has been proven to remove alumina residues resulting from 

sandblasting [140]. 

 

Figure 29. SEM micrographs of zirconia after sandblasting process(magnification x1000). A: 50 µm Al2O3 sandblasting, B: 
110 µm Al2O3 sandblasting. [141] 

Sandblasting is one of the most commonly used surface treatments in zirconia-based implants. It is 

mostly used to increase surface roughness and favour the osseointegration process [61]. Moreover, 

Bacchelli et al. [142] and Gahlert et al. [143] have reported that sandblasting zirconia implants surfaces 

significantly improved the peri-implant osteogenesis and osseointegration when compared to 

machined titanium surfaces.  

Regarding mechanical properties, Hallmann et al. [144] evaluated the effect of different blasting 

pressures and airborne particle composition and size on phase transformation and surface 

morphological change of Y-TZP. The results showed higher pressure and particle size led to more 
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extensive t → m phase transformation as well as increased surface roughness. They concluded that 

alumina particles of 50 or 110 μm at pressures of 2.5 or 1.5 bar, respectively, were the optimal 

conditions to reduce the surface defects of Y-TZP ceramic. Furthermore, Kosmac et al.  [145]  obtained 

that with adequate sandblasting parameters the compressive residual stresses induced by the process 

can lead to an increase in flexural strength.  

However, sandblasting may harm the microstructure of zirconia leading to initial transformation of 

zirconia surface from the tetragonal to the m-phase and thereby reducing the resistance to low thermal 

degradation. In 2008, Kosmac et al. [146] investigated the effect of sandblasting on ageing and fatigue 

behaviour of Y-TZP. In dry conditions, sandblasting resulted in surface strengthening and substantially 

higher survival rate under cyclic loading. By contrast, when tested in artificial saliva, the survival-

strength lowered 10 - 15 %, implying that stress-assisted corrosion plays an important role in the 

fatigue behaviour of dental zirconia. More recent studies have found an increased resistance to the 

ageing of zirconia, which is attributed to the recrystallization of the monoclinic grains of the surface 

into tetragonal nanograins after the treatment [147] [148].  

1.1.13. Chemical etching 

Chemical etching is a surface treatment were baths of temperature-regulated etching chemicals are 

used to remove material from the surface. It is usually followed by a heat treatment that helps to 

smoothen the sharp edges caused by the etching process. Acid etching can be performed by 

hydrofluoric acid (HF), nitric acid (HNO3), or sulfuric acid (H2SO4) [5]. Chemical etching can induce 

surface roughness values down to the nanoscale, which is why it is often combined with micro-

roughening treatments (e.g., sandblasting) [15]. 

The main advantage of using chemical etching is that, regardless of the material's shape and size, 

homogenous surface roughening is obtained. Also, the treatment does not induce any stress on the 

material, so there is no risk of delamination. However, its main drawback is it may cause undesirable 

chemical changes in the surface of the material [140].  

The topography formed after the acid etching treatment depends on the composition of the type of 

acid used and its composition, temperature, and etching time [15]. Flamant et al. [149] assessed the 

effect of HF concentration (5, 10 and 40 %) and etching times of 30min, 1 and 2h on the surface 

topography of 3Y-TZP.  The experimental results showed that a concentration of 40 % leads to the 

fastest and most uniform etching, and therefore, the most appropriate conditions for the treatment of 

zirconia dental implants (see Figure 30). Similarly, Oh et al. [150] also tested HF in two diluted 

concentrations (10 and 20 %) and in different etching times (1, 2, 10, and 60min) on pure zirconia and 
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other zirconia-based materials.  The results obtained indicated that, in the case of zirconia, the 

roughness was not affected by those etching times and HF concentrations.   

 

Figure 30. SEM micrographs of the surface at different magnifications and for different etching times in HF 40 % [149]. 

Low magnification on top, high magnification on the bottom.  

The most promising etching reagent for zirconia implants is HF since it presents the advantage to be a 

fast etchant at room temperature. Besides, the incorporation of fluoride at the surface could enhance 

osteoblastic differentiation and interfacial bone formation and inhibit bacterial growth, as it does for 

titanium [151] [152]. Additionally, as previously mentioned, chemical etching can be successfully 

associated with micro-roughness treatments, as sandblasting. The combination of both surface 

treatments enhanced the osseointegration. In this sense,  Ito et al. [153] showed that the combination 

of sandblasting with chemical etching treatments with HF leads to an increase in the proliferation rate 

and expression of ALP activity of osteoblast-like cells (MC3T3-E1); Bergemann et al. [154] found that it 

enhanced the human primary osteoblast maturation, and Saulacic et al. [155] showed that acid etching 

but not alkaline etching of sandblasted zirconia increased bone-to-implant contact. Finally, there are 

even commercialized zirconia dental implants with an acid-etched surface (CeraRoot) which has shown 

similar or higher success rates compared to titanium implants after five years of follow-up [149]. 

Even though chemical etching surface treatment has provided surface topography and biological 

advantages, the long-term reliability of acid-etched dental zirconia also must be assessed. Regarding 

the mechanical properties, Flamant et al. [156] investigated the effect of HF etching on flexural 

strength and ageing behaviour of Y-TZP. They used HF (40%) and times up to 2h. The results showed 

no sign of ageing in any case, and there was no decrease in the biaxial strength for etching times below 
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1h. Accordingly, they concluded that dental zirconia etched with HF (40%) should be reliable for long-

term implantations provided that the etching duration does not exceed one hour. Moreover, Xie et al. 

[157] also evaluated the effect of acid treatment on dental zirconia, but on this study, 5 and 40 % HF 

concentration and etching times between 2h and 5 days were tested. The results suggest that the 

adverse effects of HF are aggravated by higher concentrations: The flexural strength, surface finish, 

and surface Vickers hardness of Y-TZP were significantly deteriorated by immersion in 40 % HF, but not 

with the chemical etching in 5 % HF. Thus, from these two studies it can be summarized that: (i) higher 

HF concentrations induces higher surface modification, and (ii) for HF 40% the immersion time must be 

lower than 1h.  

1.1.14. Laser treatment 

A laser is an electromagnetic source that, depending on the wavelength and intensity of the emitted 

radiation, causes different interactions with materials and can be exploited for diverse purposes. Low 

energy interactions are used as a source of information (spectroscopy techniques), while higher 

energies can lead to material modifications like phase change, microstructural modifications and 

thermal stresses inside the material. Therefore, laser treatment can be applied as a surface 

modification technique. Since the material response is very sensitive to laser beam characteristics, 

tuning this device parameters would result in very different material modifications. Laser parameters 

that influence the most are pulse duration, wavelength and fluence [21]. 

When using the laser to modify the surface of a material, the high energy pulse delivered maximum 

intensity position locally melts, evaporates and ablates the substrate. Thus, a distinct advantage of 

laser technology is that, unlike previous techniques, it allows the production of defined patterns 

(smaller than 100 µm) in a faster, more accurate, and easier way (Figure 31). Furthermore, since it is a 

non-contact technology there is no risk for surface contamination [140].  

 

Figure 31. Periodic line (a-c), cross (d) and hierarchical patterns (e) fabricated on stainless steel and titanium. Different 
optical setup and laser parameters result in very different topographies [21]. 
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By contrast, the major problem of laser treatment is that it can produce severe surface damage and 

microstructural or compositional modifications due to the thermal loads caused by laser-materials 

interaction [21]. As an example, Roitero et al. [158] characterized the microstructural changes and 

collateral damage induced by laser patterning o Y-TZP surface. The laser treatment generated a ∼ 1 

μm thick heat affected zone where microcracking, directional recrystallization, and grain deformation 

took place. The study also revealed nanometric-size twins sign of the t → m phase transformation (as 

depicted in Figure 32). It is therefore of paramount importance to evaluate the changes induced by the 

laser treatment.  

 

Figure 32. STEM micrograph of the region of material below a peak. A zoom of the region around a crack (square dash 
line) is depicted in the inset: twins (marked with dash lines) depart from crack (marked with arrows). 

Laser surface processing in zirconia has gained interest due to its ability to improve material wettability 

by altering surface properties, which in turns plays a key role in determining cell adhesion [87,] [88]. 

Good osteoblast cell adhesion and other cellular responses have been observed in various studies of 

laser modified zirconia-based bioceramics with a defined micro-range geometry. As an example, Rezaei 

et al. [161] evaluated the osseointegration capability of hierarchically (meso-/micro- and nano-scale) 

roughened zirconia created by solid-state laser sculpting. All rough zirconia samples showed increased 

capability for bone-implant integration compared to machine-surfaced zirconia, which was associated 

with accelerated osteogenic differentiation and preserved attachment, spread, and proliferation of 

osteoblasts on the surface. Carvalho et al. [162] also used femtosecond laser ablation technique to 

develop strike-pattern roughed ATZ samples and evaluated its biological performance. The results 

indicated that cells adhered much stronger to roughened ATZ, and oriented accordingly to the surface 

micropatterns. Similarly, Stancius et al. [163] fabricated multi-patterned 3Y-TZP samples by 

femtosecond laser, but in this case, the patterns consisted of interspaced pits with a defined diameter 

(10, 20, 30 µm) and depth (3 and 9 µm). The results indicated that the pattern 30 μm diameter/10 μm 

depth pits patterns induced the strongest osteoblastic commitment compared to the machined and 

other patterned zirconia samples. Finally, Hoffmann et al. [164] compared the degree of early bone 
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apposition around various surfaces: (1) zirconia as sintered, (2) zirconia with laser-modified surface, (3) 

zirconia with sandblasted surface, and (4) titanium with an acid-etched surface. The study revealed a 

slightly higher bone apposition around the laser-modified zirconia surface in comparison to the others.  

Laser pattering induces several microstructural modifications that may affect the mechanical 

properties and LTD resistance of dental zirconia. Parry et al. investigated the effect of nanosecond [165] 

and picosecond [166] pulse laser sources in Y-TZP and evaluated the impact on materials strength. Both 

cases resulted in a reduction in material strength. However, when comparing both cases, ns-machined 

samples showed a substantial reduction in strength as a result of the surface cracks introduced; while 

the ps-machined samples showed a much smaller strength reduction since no surface cracking was 

observed. Same way, Roitero et al. evaluated the mechanical properties [167] and ageing [168] of 3Y-

TZP after laser patterning. Regarding the mechanical properties, they obtained a minor decrease in 

strength, hardness and elastic modulus. They also obtained a reduction in LTD resistance because of 

the presence of monoclinic phase and residual stresses, induced by the thermal shock during laser-

material interaction. However, they proved that thermal treatment of 1h at 1200 ºC anneals the 

affected microstructure and increase the resistance to LTD of laser patterned 3Y-TZP. Contrary, Daniel 

et al. [169] obtained an increase of flexural strength of laser-treated zirconia and alumina samples. In 

the study, the maximum efficiency was reached with a laser fluency around 500 mJ/cm2 increasing the 

fluency strength by 50 and 40 % for zirconia and alumina samples, respectively.  

The investigations mentioned in the paragraph above show contradictory results regarding the 

mechanical properties and LDT resistance of laser-modified dental zirconia. However, the laser 

parameters applied in each case slightly differ, indicating that they must be chosen carefully. Therefore, 

these studies emphasize the necessity of more complete microstructural and mechanical studies 

addressing the influence of the laser parameters on the reliability of zirconia material for dental 

applications. 

1.1.15. Ultraviolet light treatment 

Ultraviolet (UV) light is an electromagnetic radiation of shorter wavelength than visible light that is 

classified into four distinct spectral areas, according to the wavelength: vacuum-UV (100–200 nm), UVC 

(200–280 nm), UVB (280–315 nm), and UVA (315–400 nm). Within the biomedical field, the 

applications of UV light include sterilization, medical treatments, and surface modification of implants. 

Besides, the available UV sources used in biomedicine are light-emitting diodes, lasers, and microwave-

generated UV plasma [170].  

As a surface modification technique, UV light treatment has the distinctive characteristic of altering 

the physicochemical properties of the surface by inducing a photocatalytic activity, which at the same 
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time, enhances the bioactivity capability pf the implant [171]. This phenomenon, termed “UV light-

mediated photofunctionalization”, is characterized by the removal of hydrocarbons from the surface, 

the alteration of the surface electrostatic properties and the generation of hydrophilicity (or super 

hydrophilicity); and consequently can produce photo-induced biological effects as accelerated and 

enhanced protein absorption and cell attachment [172]. The photocatalytic effect on UV-treated 

zirconia implants has been widely investigated, and several studies have reported the decreased 

amount of surface carbon and the generation of super hydrophilic zirconia after UV treatment  [173]–

[176]. The increased bioactivity of UV light treated zirconia has also been confirmed: Tuna et al. [173] 

showed that UV light pre-treatment of zirconia surfaces augmented primary human alveolar bone 

osteoblasts (PhABO) cell attachment and spreading after 24h (see Figure 33); and Att et al. [175] 

concluded that UV treatment enhanced the bioactivity of 3Y-TPZ  on osteoblasts, in terms of their 

attachment, proliferation, and mineralization.  

 

Figure 33. Morphology, attachment and spreading of osteoblasts on zirconia discs after UV treatment. Representative 
scanning electron microscope images showing that after 24h cell number of PhABO on UV-treated surfaces is constantly 
higher compared to untreated surfaces. Zr1 and Zr2 reprensent the two biomedical grade zirconia used with smooth (m) 

or roughened (r) surfaces [173]. 

It is important to highlight that photofunctionalization and its induced biological effects depend on the 

UV-light properties as wavelength, intensity and exposure time. In particular, UV light wavelength plays 

an important role: a wavelength of approximately 360 nm is needed to induce the photocatalytic 

activity of zirconia, while a lower range wavelength at around 250 nm is of interest for the direct 

decomposition of hydrocarbons [172]. Those values correlate with the study performed by Tuna et al. 

[177], where they demonstrated that a mixed-wavelength of 360 and 250 nm for as little as 15 min can 

accelerate healing and increase bone-to-zirconia implant contact. Similarly, Han et al. [178] 

investigated the effects of UV irradiation on zirconia after UV-A (365 nm) or UV-C (243 nm) 

photofunctionalization for different times (15 min, 3 and 24h). The results showed improved 

proliferation and differentiation after UV-C irradiation on dental zirconia for 24h. However, in that 

study, they also observed significant colour change from white to yellow in UV-C treated zirconia. The 

aesthetic properties were especially compromised in prolonged 14h YV-C treated zirconia sample. 
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Thus, this indicates that the colour change induced on zirconia after the treatment is one of the major 

problems associated with UV light surface modification technique. 

Furthermore, UV light treatment does not induce any changes in the topographic appearance  [173], 

[174], meaning that it could be considered an easy approach to maximize the osseointegration capacity 

of zirconia without altering the topography, roughness or other morphological features of the implant.  

However, some studies indicated that not introducing any roughness can be a disadvantage over other 

techniques when analysing the osseointegration capability of the treated samples. As an example, 

Shalaby et al. [126] evaluated the influence of laser and ultraviolet surface modification strategies to 

enhance osseointegration of zirconia implants and revealed superior osseointegration for the laser 

modified implants. They attributed this observation to the highest roughness and enhanced surface 

wettability obtained in laser irradiated samples, while UV altered zirconia surfaces reflected the highest 

wettability but non-significant surfaces topographical modification. Similarly, Iinuma et al. [179] 

investigated the tissue response to zirconia implant surfaces treated with UV, a combination of large-

grit sandblasting and HF acid etching (blastedHF), and a combination of blastedHF and UV 

(blastedHF+UV). They obtained significantly higher BIC ratio for blastedHF and blastedHF+UV 

compared to non-treated controls and UV-treated implants. Therefore, to maximize the 

osseointegration, it is preferable to use the UV light treatment in combination with other treatments 

that increase the roughness of the surface. 

Finally, although UV light technique might provide a promising alternative to other methods, the 

influence of UV light modification to the mechanical properties of zirconia has not been investigated 

yet, so further research is needed to understand and to evaluate the risk of such a technique. 

1.1.16. Coatings 

Surface coating stands out as one of the best strategies to improve the biological and mechanical 

properties of implants. In this regard, many coatings on zirconia surfaces have been developed to 

enhance their biocompatibility, antibacterial potential, bioactivity, surface hardness/wear resistance, 

and fatigue properties [180].  

The coating technique has the advantage of being able to introduce changes on both physical and 

chemical properties of the surface (see Figure 34). On one side, it can modify the surface topography 

by increasing the roughness to enhance the micro-mechanical interlocking and cellular response. On 

the other side, it can alter the surface chemistry to activate the surface toward the adhesion to other 

materials and enhance the biological activity to implant fixation [181]. By contrast, a general limitation 

related to coatings is the poor adherence to the substrate and the associated residual stresses that 

may provoke delamination. 
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Figure 34. (A) Surface analysis of hydroxyapatite (HA)-coated zirconia. SEM Images are magnified 2,000× (left) and 
10,000× (right). (B) The contact angle between the water drop and the substratum: (a) HA-coated zirconia surface and 
(b) non-coated zirconia surface [182]. 

For a coating to achieve its intended functions successfully, several factors must be considered: the 

deposition method, the coating material, the properties of the coated film (thickness, porosity, and 

surface topography) [183]. Regarding the thickness of the film, thin coatings are preferable for two 

main reasons: (i) thin coatings adhere much more strongly to the substrate than thicker coatings, and 

(ii) in case of rapid dissolution of the coating, the use of ultrathin coatings prevents the implants from 

loosening [184]. Also, microtopography with pores are known to allow easy penetration of bone-

forming cells, and attachment and proliferation of vascularized new bone, thus providing a strong and 

durable implant-bone interaction [185].  

Moreover, the deposition method significantly affects the physical and chemical properties and, 

consequently, the biological response of the implant. Some of the most effective methods for 

producing a bioactive coating on implants surfaces are plasma spraying, electrodeposition, sol-gel 

method, Physical Vapor Deposition (PVD), Chemical Vapor deposition (CVD) and aerosol deposition. A 

summary of the advantages and disadvantages of each process related to osseointegration is shown in 

Table 3. 

Table 3. A critical assessment of microstructured and nanostructured deposition techniques [186] [187]. 

Process Advantages Disadvantages 

Plasma spray 
i. High deposition rate 

ii. Low cost 

iii. Wide range of coating materials 

i. High concentration of amorphous coating 

and residual stress 

ii. Weak adhesion between the substrate 

and the coating 

iii. Difficulty coating complex components 
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Electrodeposition 
i. High deposition rate 

ii. Ability to coat complex substrates 

iii. Controlled nanostructured and 

microstructured coatings 

Caustic waste 

Sol-Gel i. Controlled composition and 

homogeneity 

ii. Uniform coating 

iii. Great adhesion power on a 

complex substrate 

Due to the difference in thermal expansion 
coefficient (CTE) between substrate and 
coating, post heat treatment introduces 
internal stress  

PVD (thermal) Dense coatings of nanoscale thickness i. Difficulty coating complex components 

ii. Difficulty producing nanoporous coatings 

PVD (sputter) 
i. Ability to coat complex 

components 

ii. Uniform coating 

iii. High cost 

iv. Low deposition rate 

CVD 
i. Ability to coat complex 

components 

ii. Uniform coating 

iii. High-temperature process 

iv. Use of volatile gases 

v. Limited coating composition 

Aerosol 

deposition 

i. Low cost 

ii. Manufacturing of nanoporous and 

nanostructured coating 

Very low deposition efficiency 

The coating material also plays an important role in the integration between the bone tissue and the 

implant. One approach is to deposit a coating of the same substrate material (zirconia, in this case) 

with a porosity that promotes osseointegration. Nevertheless, porosity can decrease the mechanical 

properties and ageing resistance of zirconia [15]. A second approach is to coat the implant with a 

bioactive material that promotes cell attachment, differentiation and induces hydroxyapatite (HA) 

formation. In literature, different bioactive coating materials have been used on zirconia, such as HA, 

bioactive glass (BG), and dopamine, between others [180].  

• Hydroxyapatite:  

Hydroxyapatite (HA) is the most widely used biomaterial in implant coating due to its chemical 

similarity to human bone and teeth [181]. Numerous studies have reported the bioactive 

properties of HA favouring osseointegration [188]–[191]. To this end, several methods have 

been studied for coating HA on implants (plasma-spraying, electrodeposition, magnetron 

sputtering, aerosol deposition). Even though most of the investigations refer to HA-coated 

metallic implants, there are few about zirconia implants. For example, Cho et al. [182] 
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evaluated the in vitro osteogenic potential of HA-coated zirconia by an aerosol deposition 

method, where the result suggested favoured osteogenesis when compared to non-coated 

zirconia. 

 

• Bioactive glass:  

Bioactive glass (BG), a silicate-based glass of composition SiO2-CaO-P2O5, has been reported to 

be able to bond to tissue cells by the formation of a HA surface layer [181].  Because of their 

great bioactivity, “Bioglasses” are one of the best coating materials for improved 

osseointegration of metallic [192], [193] and ceramic implants [194]–[196]. Also, several 

techniques have been used for bioactive glass coatings, including sol-gel, plasma spraying, and 

electrophoretic deposition.  

 

As mentioned above, however, a major concern is the adhesion strength between the coating 

and the substrate. In this field, Lung et al. [197] evaluated the bond strength of sol-gel coated 

silica after different deposition times and compared against the sandblasting method. They 

obtained an increase of the shear bond strength with the deposition time, but in all cases, it 

was lower when compared to the sandblasting technique.  

 

• Polydopamine: 

Dopamine, the precursor of 3,4-dihydroxy-L-phenylalanine (L-DOPA), is an important 

component in the adhesive structure of mussels that have inspired a new simple approach to 

surface coating [140]. The technique is based on the self-polymerization capacity of dopamine, 

where a thin coating can be achieved by dipping the substrate in a dopamine solution [198].  

 

Because L-DOPA coating does not require a complex procedure, is solvent-free and non-toxic, 

it is particularly suitable for biomaterial application. As bioactive coating, it has been 

demonstrated that it decreases significantly the bacterial activity and enhances fibroblasts 

adherence, accelerating biological processes such as osseointegration [180]. In 2013,  Liu et al. 

[199] studied for the first time L-DOPA coatings to improve the biocompatibility of ZrO2 and 

concluded that the coating improved osteoblast responses such as cell adhesion and 

cytoskeleton development. Lately, Liu et al. [198] also suggested that L-DOPA coating 

significantly reduced bacterial adhesion compared to uncoated zirconia (about 40% less). 
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State of the art 

In this section, a review on the current status of the most relevant topics of the project has been carried 

out, so the objectives of the Master’s thesis can be defined further on. Besides, it summarizes the most 

relevant published papers that will be of great value for the discussion of the results.  

In this Master’s thesis, the main covered subjects are (i) zirconia-based materials (ii) surface 

modification techniques and their impact on the mechanical properties and cellular response, and (iii)  

cell-material interactions and subsequent osseointegration . To evaluate the relevance of these topics 

in the field and the interest this research project may have for the scientific community, the number 

of the articles available on zirconia, surface treatments and osseointegrations during the last two 

decades is represented in Figure 35, Figure 36, and Figure 37, respectively. The three graphs show an 

increase in the number of publications with each passing year, meaning that those topics are of great 

and increasing interest in the research field.  

 

Figure 35. Number of articles published about zirconia over the last 20 years 

 

Figure 36. Number of articles published about surface modification over  the last 20 years. 
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Figure 37. Number of articles published about osseointegration over the last 20 years. 

Furthermore, Figure 38 compares how the number of publications on various surface modification 

techniques has evolved over the last 20 years. It includes laser treatment, chemical etching, 

sandblasting, grinding, and coatings. A first remark to be made is that all the techniques show a more 

or less pronounced increasing tendency on the published paper with the years, which indicates that 

the surface modification of material is gaining attention among scientists. The reason for the great 

interest in this topic is that this approach allows for achieving improved surface characteristics, and 

therefore, it is possible to develop new applications of the modified materials. A second comment to 

be made on the graph is that grinding has been undoubtedly the most investigated technique. This 

may be because it is the most simple, costless and easy to implement one. However, new advances in 

technology in recent years may lead to the development and facilitate the implementation of the other 

surface modification methods.  

 

Figure 38. Number of publications comparing the different surface modification techniques presented in section 2.3 over 
the last 20 years. 
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Within this Master’s project, laser treatment has been selected to be implemented in dental zirconia 

in order to improve its osseointegration capacity. Laser technique outstands from the rest since it can 

produce defined patterns on the sample surface in a fast and accurate way. This is of great interest 

because, as discussed above, it has been demonstrated that building topographical cues on material 

surfaces has significant influence on regulating cells behaviour, including cellular adhesion and 

differentiation [200]. Furthermore, it will be of great interest to combine it with chemical etching 

surface modification for introducing homogeneous roughness to the patterned surface at the 

nanometric scale. Nanometric-length scale modification is relevant because it can also trigger specific 

cellular phenomena as adhesion, spreading, proliferation, and differentiation [201]. In addition, 

chemical etching has been used in combination with other techniques such as sandblasting showing 

improved values of osseointegration of zirconia implants [153]–[155]. Nevertheless, to the best of our 

knowledge, there are no investigations reported in which chemical etching is combined with laser 

treatment, neither for zirconia, nor for any other material, highlighting the novelty of this project. 

Based on the above, it has been considered of interest to investigate the cellular response on laser 

patterned zirconia to evaluate the potential osseointegration capability of the surfaces. Moreover, a 

posterior chemical etching would also be of great interest as future work. As mentioned above, these 

two treatments in zirconia have not been studied in combination. However, if these two surface 

modification techniques are analysed separately, there are publications reporting their positive 

influence in the osseointegration capability/cellular response on treated zirconia. In Figure 39  are 

shown the number of publications regarding osseointegration of laser modified zirconia (blue) and 

chemical-etched zirconia (orange). In the graph, it can be seen that, even though in both cases most of 

the investigations are from the last decade, there are just a few publications dealing with this topic. 

This means that much more research is still necessary in the field.  

 

Figure 39. Number of articles published in the last 20 years about cellular response to both laser-treated and chemical 
etched zirconia. 
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Finally, Table 4 presents the most relevant articles published about laser treatment and chemical 

etching of zirconia over the last 20 years, in which both the mechanical properties and cellular-

response to the material had been evaluated. The treatment conditions and main results of those 

studies are summarized in the table, and represent a valuable information for the discussion of the 

results obtained in this Master Thesis.  
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Table 4. Summary of the most relevant articles related to this Master’s thesis. 

Ref Material Treatment Conditions Conclusion 

[149] 3Y-TZP HF etching 
 

• 5, 10, 40% 

• 30min,1h, 2h 
Surface topography 

• 40 % leads to the fastest and most uniform etching 

• High increase rate of Sa and Sq until one hour, and then became much lower (for HF 40%) 
- Sa (30min) ~ 90nm, Sa (1h) ~ 200nm, Sa (2h) ~ 210nm. 
- Sq (30min) ~ 125nm, Sq (1h) ~ 300nm, Sq (2h) ~ 310nm 

[150] Zirconia HF etching • 10, 20% 

• 1min, 2min,10min, 1h 
Surface topography Cellular study (compared to polished) 

• Roughness: not affected by the etching 
times or concentrations 

• Osteoblast density (24h): + 10%  

• Flat and well-distributed osteoblast 

[153] 5Y-TZP Sandb. + HF 
etching 

• HF: 46% 

• 15min 
Surface topography Cellular study (compared to polished) 

• Roughness: homogeneous (0.35µm) 

• Wettability: contact angle (50º) 

• Cell attachment (3, 6h): similar 

• Cell proliferation: + 40% (7 days) 

[154] Y-TZP Sandb. + HF 
etching 

• HF: 40% 

• 1 hour 
Surface topography Cellular study (compared to machined) 

• Ra = 1.31 µm (SA+HF) 

• Ra = 0.59 µm (machined) 

• Cell area: - 50% (24h) 

• Cell adhesion: High increase (24h) 

[156] 3Y-TZP HF etching • 40HF30: 40%, 30min 

• 40HF60: 40%, 60min 

• 40HF120: 40%, 
120min 

Mechanical properties 

• Etching increases the %m-phase: HF40-30 (+15%), HF40-60 (+10%); HF40-120 (+23%) 

• Etching induces localized depth porous. 

• Etching induce average strength decrease: HF40-30 & HF40-60 (-15%); HF40-120 (-29%) 

Ageing 

• The influence of etching in ageing is limited: m-phase increased the same as control. 

• Strength after ageing: control (-14%), HF40-30 (+0%), HF40-60 (+5%), HF40-120 (+20%) 
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Table 4. Summary of the most relevant articles related to this Master’s thesis. (continuation) 

[157] Y-TZP HF etching • 40HF0: 40%, 2h 

• 40HF1: 40%, 1 day 

• 40HF5: 40%, 5 days 

• 5HF1: 5%, 1 day 

• 5HF5: 5%, 5 days 

Roughness (µm) Flexural strength (MPa) Hv  (9.807N for 10s) 

• Control: 0.23 

• 40HF0: 0.44 

• 40HF1: 0.59 

• 40HF5: 1.15 

• 5HF1: 0.35 

• 5HF5: 0.26 

• Control: 1232 

• 40HF0: 889 

• 40HF1: 694 

• 40HF5: 541 

• 5HF1: 1071 

• 5HF5: 1164 

• Control: 1335 

• 40HF0: 1129 

• 40HF1: 1083 

• 40HF5: 1084 

• 5HF1: 1220 

• 5HF5: 1231 

[202] ATZ  
 

Laser patterns 
(Parallel lines) 
 

Testing of different 
laser parameters 
 

Spirit laser (λ= 1040nm, 100KHz, v = 1mm/s and fluency (0.9, 1.8, 2.4 J/cm2), N =1,2,5,10 ) 

• By decreasing the number of pulses (N) the strike like pattern become a grooves structure. 

• By increasing the fluency, the patterning is more pronounced.  

Femtosecond laser (λ = 800nm, 1KHz, v = 0.5–16 mm/s and fluency (0.2 J/cm2) 

• By decreasing the speed, the stripes pattern becomes more pronounced. 

[161] Y-TZP Laser patterns 
(Parallel lines) 
 

The laser introduced 
hierarchical scale 
roughness 

Roughness Cellular study (compared to machined) 

meso (50 μm width, 6–8 μm depth) 
micro (1–10 μm width, 0.1–3 μm depth) 
nano (10–400nm widths, 10–300nm heights) 

• Osteoblast proliferation (6, 24h): similar 

• Differentiation (6, 24 h): 7-25 times higher 

• Bone-implant integration: 2.2 times 
higher 

[162] ATZ 
 
 
 
 
 
 
 
 

Laser patterns 
(Parallel lines) 
 

• Pulse width: 875 µJ 

• Repetition: 2 kHz 

• Speed: 1mm/s 

Surface topography Cellular study (compared to machined) 

• Interspacing: 10 µm 

• Peak to valley distance: 2.6 µm 

• The laser-ablated nanogrooves: Ra = 
140nm 

• Cells adhered much stronger to roughened 
ATZ 

• Cell oriented accordingly to micropatterns 
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Table 4. Summary of the most relevant articles related to this Master’s thesis. (continuation) 

[163] 3Y-TZP 
Laser patterns 

(Interspaced 
pits) 

• 120fs, λ = 795nm, 
1kHz 

• Diameter (10, 20, 30 
µm)  

• Depth (3 and 9 µm) 

Cellular study 

• Cell area: the number of attached cells increased with the pits diameters 

• Cell morphology: more elongated cells for smaller diameters 

• Cell distribution: across pores (10 and 20μm diameter), inside pores (30μm diameter) 
30μm diameter/10μm depth pits patterns showed the strongest osteoblastic commitment 

[167]  3Y-TZP Laser patterns 
(Parallel lines) 
 

• Wavelength:  532 nm 

• Repetition rate: 10 Hz 

• Pulse duration: 10 ns 

• Fluence: 4 J/cm2 

• Interspacing: 10 µm 

Strength (MPa) Hardness (GPa)  Elastic  Modulus (GPa) 

Control: 1347 
Laser: 1190  

Control: 17 (at 150nm penet.) 
Laser: 12 (at 150nm penet.) 
*At deeper penetrations the value is similar 

Control: 250 (at 150 nm pen.) 
Laser: 220 (at 150 nm penet.) 
*At deeper penetrations the value is similar 

[168]  3Y-TZP Laser patterns 
(Parallel lines) 
 

• Wavelength:  532 nm 

• Repetition rate: 10 Hz 

• Pulse duration: 10 ns 

• Fluence: 4 J/cm2 

• Interspacing: 10 µm 

Ageing 

• Laser patterning decreased the LTD resistance 

• The laser introduced damage: t → m transformation, microcracking, residual stresses 

• The initial monoclinic content augmented (+9%), but the transformation rate is reduced 

• An annealing treatment of 1 h at 1200 ºC is recommended to ensure long-term stability 

[137] 3Y-TZP Grinding/polis
hing 
 

Samples with increasing 
roughness and 
unidirectional patterns 

 

Roughness (Sa) 

Control = non-treated ; U1 = 14 nm ; U2 = 41 nm ; U3 = 183 nm ; U4 = 593 nm 

Hardness (GPa) 

Control = 12.8 ; U1 = 13.1 ; U2 = 13 ; U3 = 13.3 ; U4 = 13.2 

Fracture toughness (MPa·m1/2) 

Control = 4.8 ; U1 = 4.9 ; U2 = 5.3 ; U3 = 5.5 ; U4 = 6.2 

Ageing 

• All grounded samples exhibited improved LTD resistance compared to the non-treated one 

• U2 and U3 showed the best result 

Cellular study 

• Cell adhesion slightly increased in the treated samples. 

• U3 and U4 produced cell elongation and alignment in the grinding direction. 
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Objectives 

The project is aimed at investigating the effect of different surface treatments on zirconia-based 

ceramic materials to promote bone cells adhesion and growth. In this sense, the surface modification 

process will be conducted by using laser treatments to create defined topographical patterns at the 

micrometric length scale).  

Within this context, this master’s thesis can be divided into three different parts: 

i. The first part of the project is focused on the sample preparation by mean of laser-assisted 

treatments. Here in, a design of experiment (DOE) was planned in order to select the laser 

parameter that adequate better to the desired surface topography.  

 

ii. Subsequently on the characterization of the density (Archimedes), topography (Confocal laser 

scanning microscope, Atomic force microscopy, contact profilometry) and the hydrothermal 

degradation of the samples (RAMAN spectroscopy, XRD, Vickers indentation). These values 

will be compared with the reference zirconia-based ceramic material.  

 

iii. Finally, the study of the behaviour 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, laser 

modified samples, and laser-treated samples. 
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Experimental methods 

This section includes a clear and concise explanation about the materials and methods used during the 

project, with particular detail on how the experiments were carried out, thus ensuring, if required, they 

may be repeated with the highest reproducibility. The section is divided into five main subsections, 

which are: Materials, Sample preparation, Surface treatments, Hydrothermal degradation, Cell culture 

and Characterization techniques. 

The chapter starts presenting the commercially available zirconia chosen for this project. That is 

followed by a step by step explanation of how the samples were prepared. The preparation was done 

by three steps: first, the conformation of the desired sample by using the cold isostatic pressing (CIP) 

technique; afterwards, the sintering of the obtained green bodies; and finally, the polishing process of 

the samples to obtain a smooth and of equal roughness surface on all samples.  

The third subsection is a detailed explanation of the surface modification techniques used in the 

project, which is the laser treatment technique. The project aims to obtain samples with the desired 

pattern and roughness, so the cellular response (e.g. cell adhesion) can be enhanced. The obtained 

modified-surface highly depends on the parameters selected on the technique; therefore, special 

attention has been given to this part.  In the case of the laser, the first step was to plan a Design of 

Experiments (DOE) to find out the optimum combination of the laser parameters. That is widely 

explained in Annex A.1.  

Subsequently, the hydrothermal degradation condition are explained, as well as how the process was 

performed. 

The next section focused on the characterization techniques used during the whole project. This 

includes the density calculation and topographical characterization of the lased-modified samples. 

Furthermore, the microstructural and mechanical characterization of the samples before and after the 

hydrothermal degradation was evaluated. Special attention has been given to the microstructure of 

the degraded and non-degraded samples, to determine if the phase transformation phenomenon has 

occurred. Also, it was of great interest to measure the hardness of both degraded and non-degraded 

samples to see the decrease in the mechanical properties. Finally, the cellular response to different 

patterns at different time-periods was evaluated by immunostaining and observation of the samples 

by fluorescence microscopy.  

In the last part the procedure followed in the stage of cell culture is explained. Cell adhesion was 

studied after 6h of adhesion by mean of number of cells attached, focal adhesion, and actin filaments. 

Also, cell morphology and orientation was determined. 



Laser-assisted surface modification of zirconia-based materials to enhance osteoblast response for dental applications. 

  57 

Materials 

Yttria stabilized polycrystalline zirconia powder with 3 mol. % of Y2O3 (3Y-TZP) is the material chosen 

for this project.  This material was provided by Tosoh (Tokyo, Japan) grade TZ-3YSB-E as shown in Figure 

40. 

 

Figure 40. Zirconia TZ-3YSB-E powder used for the sample preparation. 

The crystalline size and particle size of the powder are 36 nm and 600 nm, respectively. The powder 

granule size is 60 µm. The chemical characteristics of Zirconia TZ-3YSB-E powder are presented in Table 

5 [203]. 

Table 5. Chemical composition of Zirconia TZ-3YSB-E powder 
[203]. 

Elements Composition in wt% 

ZrO2 +HfO2+Y2O3+Al2O3 > 99.9 

Y2O3 5.15 

Al2O3 0.25 

SiO2 ≤ 0.02 

Fe2O3 ≤ 0.01 

Na2O ≤ 0.04 
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Sample preparation 

4.1.1. Conforming method 

The samples used in this Master’s thesis were prepared by the conventional Cold Isostatic Pressing 

(CIP) method. The technique makes use of a high-pressure fluid chamber to compact ceramic powder 

that is contained inside a flexible mould. CIP technique was chosen because is much more 

comprehensive in terms of ensuring high and homogeneous density (i.e. less porosity) throughout the 

zirconia blank [204]. A total of 50 samples were produced to be used in the posterior surface treatment 

and characterization tests. 

The isostatic pressing was performed on the Isostatic Press machine (Figure 41). The machine 

operation principle is based on two steps: first, making a preform of zirconia by applying pressure into 

a cylindrical mould; and after, introducing the preform into the cold isostatic press containing the 

pressurised fluid (such as soluble oil), and applying pressure to the fluid from a pumping system. As a 

result, a cylindrical green compact of 15 mm diameter is obtained.  Even so, a further step of sintering 

is required to obtain the final sample.   

 

Figure 41. Isostatic Press used in the laboratory to make the green compact of zirconia. 

The procedure followed during the isostatic pressing of the zirconia samples is explained with detail 

below. Also, in Figure 42 a scheme of the steps followed are shown and briefly mentioned below:   
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1. Using an electronic balance, 3 gr of zirconia TZ-3YSB-E powder were weight into a watch glass. 

2. The powder is placed into the cylindrical mould of the equipment by using a glass funnel. Then 

a small metallic element is used to close the mould, so the powder can be compacted. 

3. The mould is placed in the press and a pressure of 10 bar is applied for 30 seconds to form a 

compact preform.  

4. After the compaction time elapses, the preform is removed from the mould. In this step, it is 

important to carefully remove the chamber pressure since a sudden removal could result in the 

expansion of the material and cracking.  

5. Introduce the preform inside a neoprene glove. To speed up the process, it is recommendable 

to introduce 4 preforms into the same glove, each one on one finger.  

6. Apply vacuum to the glove and close it using a flange. There must be no air in the glove, so the 

applied pressure is equal in all directions. 

7. Submerge the glove into the pressure vessel that has the pressurised fluid (oil). The glove must 

be covered-up by oil. The fluid is responsible for the homogeneous compression of the mould 

and therefore, the zirconia preforms. 

8. Apply 30 bar 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 clack 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. 

 

Figure 42. Schematic representation of the sample preparation process by Cold Isostatic Pressing (CIP) + sintering process. 
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4.1.2. Sintering process 

After the CIP process, the next step is the sintering of the obtained green bodies. 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. As a result, the surface area of the compact is decreased, and 

this is normally accompanied by an increase in the density. 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 [205].  

From the structural point of view of the zirconia, the solid-state sintering process consists of 

compacting the material without melting it. This involves the diffusion mechanism of the atoms which 

is enhanced at high temperature [8]. The sintering is generally divided into three stages [205]:  

1. Initial stage (Figure 43a): There is a rearrangement of the particles and formation of contact 

points or “necks” between the individual powder particles in the compact. The density is up to 

75 of the theoretical one. 

2. Intermediate stage (Figure 43b): Necks between particles have grown, resulting in a structure 

that contains continuous pore channels through the compact. The density is up to 75 – 95 % 

of the theoretical one. 

3. Final stage (Figure 43c): 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. 

 

Figure 43. The three stages of solid-state sintering: a) initial stage, b) intermediate stage, c) final stage [205]. 

One important parameter to take into consideration is the treatment temperature. It will influence on 

the grain size, and thus, on the mechanical properties of the final sample. For example, Stawarczyk et 

al. [206] investigated the effect of sintering temperatures on the grain size and flexural strength of 

zirconia. The study was made the temperature range of 1300 – 1700 ºC where they observed that the 

grain size increases with the temperature in the whole range, as is shown in Figure 44. 
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Figure 44. Zirconia grain size after different sintering temperatures (×50,000), a) 1,300°C, b 1,350°C, c) 1,400°C, d) 1,450°C, 

e) 1,500°C, f)1, 550°C, g) 1,600°C, h) 1,650°C, i) 1,700°C [206]. 

However, in the case of the flexural strength, the highest flexural strength was observed in groups 

sintered between 1400 and 1550°C (see Figure 45). This was attributed to the presence of porosity 

between the grains at low sintering temperatures, because of poor atom diffusion; while at the high 

sintering temperature, the high size of the grains reduces the mechanical properties. In the study, they 

concluded that “when a compromise needs to be made for the optical and mechanical properties, the 

sintering temperature should not exceed 1550 °C”.  

 

Figure 45. Mean flexural strength of zirconia after different sintering temperatures[206]. 
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In this investigation, the solid-stage sintering process was realized in a Nabethern furnace, shown in 

Figure 46. Considering the study explained above, the green bodies where sintered up to 1450 ºC, 

following the thermal treatment presented in Figure 47. 

 

Figure 46. Photography of the Nabethern furnace. 

This thermal treatment consisted of heating up to 700ºC at a heating speed of 6 ºC·min-1 and then 

maintaining at that temperature for 1 hour. After this first step, the temperature was increased with a 

heating speed of 6 ºC·min-1 up to 1450 ºC and maintained constant for 2 hours. Finally, the specimens 

were cooled with a speed of – 6ºC·min-1 until reaching ambient temperature.  

 

Figure 47. Thermal treatment used to sinter the green bodies. 

Once carried out, this process of sintering allows to obtain the final geometry, microstructure and 

mechanical properties. There was a decrease in the dimensions of the final sample compared with the 

green body, as represented in Figure 48. The microstructure and mechanical properties were 

characterized further on.  
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Figure 48. Sample before and after the 1450ºC sintering process (left and right, respectively) 

4.1.3. Polishing of the samples 

Once the samples have been sintered, their surface must be polished to eliminate the roughness and 

imperfections.  The polishing stage is essential within the sample preparation since it will considerably 

influence on the obtained results. Firstly, A great surface finish is required to successfully analyse the 

microstructure and mechanical properties of the sample, since a non-flat sample or the presence of 

scratches on the surface may produce unreliable results. Secondly, the surface finish of the samples 

after polishing must be good enough to not interfere with the surface modification treatments. Lastly, 

cell behaviour is greatly affected by roughness; therefore, smooth samples are required to avoid 

interferences and ensure that the cellular response is only accordingly to our patterns. 

A Buehler sander polishing machine was used, specifically, the Alpha model, 2-speed grinder polisher 

(Figure 49) This machine enables to set the rotating velocity of the disc. Furthermore, it has the option 

of performing an automatic polishing, by adding a plate that holds the samples. When using it in this 

mode, it allows selecting the applied load as well as the rotation direction. 

 

Figure 49. Automatic polishing machine BUEHLER used for the polishing process. 
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The polishing of the samples is conducted in two stages, the first one being the grounding stage and 

the second one being the polishing stage. At the same time, five different discs were used in total, two 

for the first stage and three for the next one. In Figure 50 the five discs used are presented. As the discs 

change, they become less rough. 

 

 

Figure 50. From left to right: MD-Piano 120, MD-Piano 220, MD-Plan, MD-Dac, and MD-Nap [207]. 

Considering the high amount and the small size of the samples, polishing the samples individually 

would have been a very complicated and time-consuming process. However, the machine has the 

option of performing a fully automatic polishing by using an add-in plate, so that eased the work.  For 

the automatic polishing, the samples were first glued equidistantly in the border of the plate, and then, 

the plate was placed in the machine. Due to the high number of samples, the polishing was done in 

two rounds, first 25 samples and then the others. 

The samples were polished by using the polishing process protocol described in Table 6. The important 

parameters to consider on each step are the disc type and suspension material used, the rotational 

speed and direction, the rotating time and the applied force. An important point here is that the force 

is proportional to the number of samples used. 

Table 6. Polishing process protocol. 

Order Disc  Suspension Rotation speed Direction Time Force 

1 MD-Piano 120 Tap water 300 rpm Contrary * 15 min 1 LB/sample 

2 MD-Piano 220 Tap water 300 rpm Contrary * 15 min 1 LB/sample 

3 MD-Plan Diamond 

(30 μm) 
150 rpm Contrary * 15 min 1 LB/sample 

4 MD-Dac Diamond   

(6 μm) 
150 rpm Contrary * 10 min 1 LB/sample 

5 MD-Dac Diamond   

(3 μm) 
150 rpm Contrary * 10 min 1 LB/sample 

6 MD-Nap OPA         

(0,5 μm) 
150 rpm 

In favour 

** 
5 min 0,2 LB/sample 

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

**In favour – The disc and the plate rotate in the same direction. 
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Design of Experiments (DoE) 

Before the laser surface modification of the zirconia samples, it was necessary to find out the 

combination of the laser parameters that would give the desired surface laser pattern. Therefore, it 

was of great interest to analyse how the variation of different laser parameters impact on the sample 

surface. For that, a Design of Experiment (DoE) was planned where various combinations of laser 

parameters were tested. Subsequently, the depth and thickness of the generated laser pathways were 

measured to identify the most suitable laser parameters combination according to the objective of the 

project.  

4.1.4. Concept and definition  

Design of Experiments (DoE) is defined as a systematic method to determine the relationship between 

factors affecting a process and the output of that process. In other words, it is used to find a cause-

and-effect relationship [208]. In general, the main purposed of a DoE consists of [209]: 

• Reduce the number of needed experiments. 

• Verify all factors that affect an experiment (i.e. more than one variable). 

• Define a strategy to obtain reliable results after a set of experiments. 

The key of a good DoE is to design the most adequate set of experiments to obtain the desired 

information. Thus, the first thing to do is to determine the research goal. Then, the experimental 

responses that may be representative to evaluate the defined objective must be identified, as well as 

the possible variable that can affect the results  [209]. A simplified process model applicable to all DoE 

is shown in Figure 51, which is a typical process with several controllable (and uncontrollable) factors 

that affect one or more measured response [210]. 

 

Figure 51. Schematic representation of a simplified DoE process model [210]. 
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4.1.5. Methodology 

Different approaches and models can be chosen in a DoE. Each model is represented with a different 

design space, which can be interpreted as an n-dimensional geometrical shape defined by the 

investigating variables [211]. From the experimental results of the running tests, a specific response 

function (Y) can be defined. This Y represents the response trend and can be used for predicting a result 

of an experiment in untested conditions over the experimental domain, which is called the response 

surface. The area where the response surface is constructed is known as factor space. For instance, 

when two variables (X1 and X2) are explored in an experiment, the resulting factor space is the one 

represented in Figure 52 [209]. 

 

Figure 52. Representation of the experimental domain investigation when two variables (X1 and X2) are considered. The 
area filled with the diagonal lines represents the factor space [209]. 

The most suitable models depend on the number of selected variables and the capacity to fabricate 

samples and to perform experiments. The most common models are full factorial design and partial 

factorial design, which are described below. 

• Full Factorial Design 

This approach performs the experiments for all the possible combinations of levels of factors. The 

number of experiments runs (N) is expressed as N = km, where m is the number of factors or 

variables and k is the number of levels [210].  

The main drawback of this design model is that it implies a large number of experiments because 

N grows very quickly as the number of variables or levels increases. Thus, it is appropriate to use it 

when working with reduced numbers of variables, and a high degree of control in the regression 

is needed [209]. 
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As stated before, each model can be interpreted as a different geometrical inspection of the 

experimental domain. In the case of the full factorial design, the geometrical shape is defined by 

the minimum and maximum values of the variables tested. However, in some cases, it may be 

useful to perform some additional experiment with intermediate values for a better understanding 

[210]. In the following figure is possible to see how the maximum and minimum values form a 

rectangle (Figure 53A) or a cube (Figure 53B), in a 2 or 3 variable design, respectively. 

 

Figure 53. Geometrical distribution of the experiments in a 2 (a) and 3 (b) variable design [209]. 

• Partial Factorial Design 

The partial factorial design is an alternative approach where the number of experimental runs is 

reduced. It is the best option when there are limitations performing the experiments, such as 

technical, economic, or time restrictions. Nevertheless, it is often impossible to predict which 

variables will significantly affect the response. Therefore, to avoid the risk of excluding important 

factors, it is recommended to use the maximum possible variables [209]. 

For example, the design of (Figure 54a) allows to directly investigate system responses to extreme 

values of the controllable variables. On the other hand, the design of (Figure 54b) yields data that 

can be more straightforwardly used in fitting the experimental results to a theoretical model. 

 

Figure 54. Examples of partial factorial designs for an experiment with two controllable factors A and B and three 
levels for each factor. Each red circle represents an experimental run [210]. 
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4.1.6. Design of the laser experiments 

Regarding the experimental design of the laser conditions, the goal of the research is to find the 

optimum laser parameters that adequate most the surface roughness patterns in order to enhance the 

cell adhesion. A full factorial approach was followed for the design of the laser experiments. The critical 

parameters to take into consideration for this analysis are: laser beam intensity, frequency, and mark 

speed, and the measured responses was depth of the laser pathway, as indicated in Figure 55.  

 

Figure 55. Schematic representation of design of the laser experiment. 

The minimum and maximum values selected were 2 and 3A for laser intensity, 250 and 1000Hz for 

frequency, and 1 and 5 bit/mseg for the mark speed. However, in this case, it was considered useful to 

perform additional experimental runs with intermediate values to better understand the observed 

change. A summary of the group of tests planned and done along this Master’s thesis are presented in 

Table 7. 

Table 7. Conditions for the laser tests. 

Test number Intensity (A) Mark speed (bits/mseg) Frequency (Hz) 

Test 1 

1.1 2 1 Variable* 

1.2 2 2 Variable* 

1.3 2 5 Variable* 

Test 2 

2.1 2,5 1 Variable* 

2.2 2,5 2 Variable* 

2.3 2,5 5 Variable* 

Test 3 

3.1 3 1 Variable* 

3.2 3 2 Variable* 

3.3 3 5 Variable* 

 *250Hz, 500Hz, 750Hz and 1000Hz 

The experimental plan is divided into three main test groups to determine the influence of the laser 

intensity: test 1, test 2 and test 3 for intensities of 2, 2,5 and 3A, respectively. Also, the impact of the 

laser mark speed was analysed, meaning that each intensity was tested for speeds of 1, 2 and 5 
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bit/mseg (test x.1, x.2 and x.3, respectively). Finally, it was of great interest to observe how changes in 

the frequency influence the obtained surface pathway. Hence, for all combinations of intensity and 

mark speed, frequencies of 250, 500, 750 and 1000 Hz were tested. 

In total, the DoE consists of 36 tests, which were all done in the same sample to facilitate the posterior 

analysis. As one of the parameters to study is the mark speed of the laser, it was not possible to 

represent the DoE as a matrix of points.  In contrast, a line of 1200 µm in length was drawn for each 

test. The resulting matrix of the DOE consists of 36 lines organized in 3 columns and 3 rows.  

Additionally, for ease of identification of each line, the respective laser parameters were represented 

around the matrix. A scheme is shown in Figure 56. 

 

Figure 56. Line matrix is drawn on the sample surface together with the laser parameters used. 

Once the matrix of 36 lines was made, the sample was cleaned with ethanol and sonicated for 20 

minutes. Then, it was cleaned again with ethanol and let it dry. This process facilitates the removal of 

the particles of dirt.  

Finally, the depth of all the 36 laser paths were measured. The depth variation in function of the laser 

intensity, frequency and scan speed was represented. This facilitate the choice of the best laser 

parameter combination considering the application of the project. All the process of laser parameter 

selection is widely explained in Annex A.1. 
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Surface treatment 

As stated in the introduction (see section 2.3.4), the modification of the zirconia surface is one feasible 

approach to enhance its osseointegration behaviour. In this section, the experimental procedure 

followed for the surface modification of the zirconia samples is explained. The process was conducted 

by using laser treatments to create defined topographical patterns at the micrometric length scale. 

Subsequently, some samples were also chemically etched by using HF (40%) to generate a 

homogeneous roughness gradient along with the specimens (from nano- up to micrometric length 

scale).  

4.1.7. 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 output characteristics 

of the laser are summarized in Table 8.  

Table 8. Specification of Spectra-Physics Explorer One 349-120 Laser. [212] 

Output characteristics 

Wavelength (nm) 349 

Pulse Energy (J @ 1 kHz) 120 

Output Power (mW @ 1 kHz) 120 

Pulse width (ns) < 5  

In Figure 57 is shown the experimental set-up, which includes a laser generator equipment, 3 optical 

devices (two reflective mirrors and a converging lens), and the sample holder. All those elements are 

placed on a support table that allows setting the optimum configuration for the tests. The operating 

system of the set-up consists of laser equipment generating a laser beam that strikes the two reflective 

mirrors (first one mirror and then the other one). These two reflective mirrors are positioned so that 

they direct the laser beam towards the converging lens. Finally, this lens will adjust the intensity and 

focus the laser beam on the surface of the sample holder, where the sample is placed. The sample 

holder has three micrometres that allow changing the x, y and z directions so that the laser beam is 

applied onto the sample surface.  
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Figure 57. Laser equipment and optical devices composing the experimental set-up, where (1) denotes de laser, (2) the 

reflecting mirrors, (3) the converging lenses and (4) the sample supporting system. 

Both the laser and the lens are connected to a computer, so it is possible to modify the laser parameters 

and draw the shape of the laser pattern.  On one side, the L-Win software enables to set the intensity 

and frequency of the generated laser beam. On the other side, the software WeldMARK is used to 

draw the shape to be applied to the surface of the sample. Moreover, this second one allows to focus 

and adjust other parameters of the laser beam, as is the case of the mark speed. The interfaces of L-

Win and WeldMARK are added in annex A.2. 

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) and Raman spectroscopy. Furthermore, the Vm (%) distribution along the samples 

surface was analysed by Raman spectroscopy mapping. Finally, the hardness of the samples was 

measured by Vickers indentation.   

 

 

 

 

 



  Memoria 

2   

 

Characterization techniques 

4.1.8. Microstructural characterization 

4.1.8.1. Density 

The Archimedes method was used to measure the bulk density of the samples and to calculate the 

amount of open porosity. The measurement of those parameters allows to get a first estimation about 

mechanical properties of the material, as the porosity directly affects the mechanical strength, fatigue 

strength and the elongation to rupture [213].   

Archimedes method was chosen because it is non-destructive, simple and the most economic one; 

however, it must be taken into account that the measured density is an estimation since the method 

does not contemplate the closed porosity (because the fluid cannot penetrate inside).  It relies on the 

Archimedes principle [214], who stated 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.”  Deriving from this physical law, it is possible to 

calculate the density of an object from its mass difference in normal air and the fluid (Figure 58). 

 

Figure 58. Archimedes method, showing the measurement of the mass in air and the fluid [213]. 

The calculation of the density (ρ) follows the Equation 1, where ma and mfl represent the weight of the 

object in air and in the fluid, and ρa and ρfl are the densities of the air and the fluid, respectively.  The 

mass is expressed in g and the densities in g·cm-3 [213]. 

https://www.britannica.com/science/fluid-physics
https://www.britannica.com/science/gas-state-of-matter
https://www.britannica.com/science/liquid-state-of-matter
https://www.britannica.com/science/force-physics


Laser-assited surface modification of zirconia-based materials to enhance osteoblast response for dental applications. 
  

  3 

.  

𝜌 = (𝜌𝑓𝑙 − 𝜌𝑎𝑖𝑟) ×
𝑚𝑎

𝑚𝑎−𝑚𝑓𝑙
+𝜌𝑎𝑖𝑟   Equation 1   

The measurements were performed with an Archimedes machine Mettler Toledo XS-204, shown in 

Figure 59. This device allows the direct calculation of the material density with a 5 digits accuracy. For 

that, first, it is necessary to install the accessories into the device: a beaker filled with water, the basket 

and the balance. The next step is to weight the object, first in the air and then in a liquid of known 

density (water was selected ρwater = 1 g·cm-3). From here, all calculations, including temperature 

adjustment of the fluid, are performed automatically by the device, and it is also possible to evaluate 

multiple samples at the same time [215]. A major problem is that accuracy of the measured density is 

affected by the open-porosity of the sample since it will absorb water. Thus, the first value observed 

after submerging the sample in the water is taken as the right measure. 

 

Figure 59. Analytical balance Mettler Toledo XS-204 employed to determine the density of the samples by using the 
Archimedes method. 

4.1.8.2. Optical microscope  

Various optical microscopes (OM) have been used to evaluate the surface condition of the samples 

during the polishing process and obtain general images of the sample surfaces. This way it was possible 

to control the surface roughness and evaluate the presence of scratches on the samples before moving 

forward to the next polishing step.  

The functioning of an OM is based on the use of visible light and a system of lenses to magnify images 

of small objects. One of the microscopes used during the master thesis for the surface evaluation of 

the sample during the polishing is an Olympus BX53M microscope presented in Figure 60, which relies 

on LED illumination and allowed magnifications of 5X, 10X, 20X, 50X and 100X [216].  
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Figure 60. OM Olympus BX53M [216]. 

4.1.8.3. Laser Scanning Confocal Microscope 

The Laser Scanning Confocal Microscope (LSCM) has been used to visualize the surface of the samples 

and extract results after the surface treatments and the mechanical and tribological tests were 

performed.  

Confocal microscopy is an optical methodology used for recording 3D images with resolution equal or 

superior to that of the conventional light microscope. It consists of two diaphragms: a lighting 

diaphragm that emit the laser beam, and a detection diaphragm to detect the light reflected by the 

sample, as shown in Figure 61. The detection diaphragm plays a significant role since it eliminates the 

out-of-focus light, so the brightness and resolution of the image are augmented. Base on this, it is 

possible to obtain optical sections of the sample, and then, by the superposition of those sections, a 

focus 3D image can be reconstructed [13]. 

 

Figure 61. Schematic of the laser scanning confocal microscope [217]. 
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Laser confocal microscope Olympus LEXT OLS 3100 was used for obtaining surface topographic images 

of the samples after the laser and chemical etching surface treatments, as well as for characterizing 

the residual imprints of the Vickers indentations performed to the samples. This device, which is shown 

in Figure 62, allows images up to 5000 magnifications and it can be used in both optical and confocal 

mode. Besides, it is equipped with an image analysis software that can be used for: (i) facilitating the 

image visualization by applying filters to the acquired images (contrast change, smoothing, etc.); and 

(ii) image analysis such as point to point measurement, roughness profile, depth measurement, etc.  

 

Figure 62. Laser scanning confocal microscope Olympus LEXT OLS 3100 [218]. 

The image analysis feature was used several times to analyze the surface of the sample. Initially, the 

LSCM was the first choice to characterize the laser tests performed to the sample during the DoE. 

However, the DoE consists of 45 experiments that combine various laser parameters, so it was very 

time-consuming to measure one by one the roughness profile and thickness of all those lines. Thus, 

later on, once the optimal laser parameters were decided, this method was used to measure the 

distances between the parallel lines of the laser pattern.  

4.1.8.4. X-Ray diffraction 

The functioning of the X-Ray diffraction (XRD) technique is based on constructive interference of 

monochromatic X-rays and a crystalline sample. These X-rays are generated by a cathode ray tube, 

filtered to produce monochromatic radiation, collimated to concentrate, and directed toward the 

sample. Then, when the ray strikes the surface of a crystal at any angle, a part is scattered by the layer 

of atoms on the surface. The undispersed portion penetrates the second layer of atoms where again a 

fraction is dispersed and so on. The cumulative effect of this scattering from the centre of the crystals 

is the diffraction of the beam [219]. 

The measurement of the elastic scattering is based on Bragg’s law, see Equation 2 [219]:  
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2 × 𝑑 × 𝑠𝑖𝑛(𝜃) = 𝑛 × λ        Equation 2  

where d is the space between two successive planes, θ the incident angle of the X-ray beam, λ the 

wavelength of the beam, as it is shown in Figure 63. 

 
Figure 63. Schematic representation of Bragg's Law [219]. 

The XRD in a polycrystalline sample makes it possible to identify the different crystalline phases since 

each crystalline structure have a characteristic XRD spectrum. 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. In this Master’s project, monoclinic phase (m-phase) was quantified by XRD in 

Bragg-Brentano symmetric geometry using Cu Kα radiation (40 kV and 40 mA) with 0.02° step size, 

1s/step and a 2θ range of 26° ≤ 2θ ≤ 37°. A PIXcel3D detector was used for the investigation, see Figure 

64.  Moreover, the volume fraction of the monoclinic phase (Vm) was calculated with the Equation 3 

proposed by Toraya et al. [220], as follows:  

𝑉𝑚 (%) =
1.311 [𝐼𝑚(1̅11)+𝐼𝑚(111)]

1.311 [𝐼𝑚(1̅11)+𝐼𝑚(111)]+𝐼𝑡(101)
   Equation 3 

where Im and It correspond to the intensities of the monoclinic and tetragonal peaks, respectively. 

These peaks of the zirconia phases are identified according to the literature [221], [222]. 
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Figure 64. XRD equipment employed in this Master’s thesis. 

4.1.8.5. Raman spectroscopy 

Raman spectroscopy is a molecular spectroscopic technique. It is based of Raman Effect that utilizes 

the interaction of light. The Raman principle is based that is the ineslastic scattering of the light due to 

the interaction with vibrating matter. When the sample is illuminated with a monochromatic laser light 

it is possible to collect the backscattered light through a microscope objective and analyze it with a 

monocromator getting a spectrum [223].  

In the present project Raman spectroscopy was used to characterize the m-phase content of the 

samples before and after the hydrothermal degradation. Phase maps under the surface were obtained 

with confocal micro-Raman spectroscopy (inVia Qontor, Renishaw) with a Nd:YAG laser (wavelength 

532 nm, integration time 0.1 s) (see Figure 65). After, the volume fraction of m-phase (Vm) was 

quantified by using the  Equation 4 proposed by Katagiri et al. [224] as follows: 

𝑉𝑚(%) =
𝐼𝑚

181+𝐼𝑚
190

2.2(𝐼𝑡
247)+𝐼𝑚

181+𝐼𝑚
190      Equation 4 [225] 

where Im and It correspond to the integrated intensities of the monoclinic and tetragonal bands, 

respectively.  
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Figure 65. micro-Raman spectroscopy (inVia Qontor, Renishaw) 

4.1.8.6. Scanning Electron Microscope 

Scanning Electron Microscopy (SEM) is one of the most advanced techniques when it comes to the 

nanometric scale topographic analysis of the materials. It enables high-resolution images (20 nm or 

more) compared to optical microscopes that have a resolution of about 200-250 nm [226]. This is 

because it uses a focused beam of high-energy electrons source, which generates a variety of signals 

from the electron-sample interaction. These signals reveal information about the sample: external 

morphology (texture), chemical compositions (using EDS), crystal structure and crystal orientations 

(using EBSD) [227].  

The working principle of SEM consists of generating high-energy electrons and directing them into the 

sample so they interact with the atoms of the surface. A schematic of the major components in a SEM 

is shown in Figure 66. On top of the column, there is the electron gun that produces and accelerates 

the electrons to an energy level of 0.1–30 keV. However, the diameter of the electron beam produced 

by the gun is too large to generate a high-resolution image, so electromagnetic lenses and apertures 

are used to form a small focused electron spot on the specimen. This process demagnifies the size of 

the electron source (~50 µm for a tungsten filament) down to the final required spot size (1–100 nm). 

Furthermore, a high-vacuum environment is needed, which allows electron travel without scattering 

by the air. Finally, one important characteristic is that the samples must be conductive, and if they are 

not, they must first be coated with a layer of a conductive material as carbon, gold, or platinum [228]. 

https://serc.carleton.edu/research_education/geochemsheets/eds.html
https://serc.carleton.edu/research_education/geochemsheets/ebsd.html
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Figure 66. Schematic diagram of a scanning electron microscope [228]. 

Image formation in the SEM is dependent on the acquisition of signals produced from the electron 

beam and specimen interactions. These signals include detection of secondary electrons (for 

topography images), detection of backscattered electrons (to determine the crystallographic 

structure), and X-ray microanalysis (for chemical composition analysis of the specimen), among others 

[8]. 

In this research project, SEM Phenom XL (resolution ≤ 20 nm) was used for the characterization of the 

surface topography of the zirconia samples after laser treatment (see Figure 67).  Furthermore, the 

microstructure of the samples after Vickers indentation was also evaluated by this technique in order 

to clearly see the damage induced under different stresses. Finally, it was also used to adquire images 

after the cell adhesion study. In all cases, sample surfaces were prepared with a thin layer of carbon 

coating before introducing them in the SEM chamber to improve the electron conductivity for better 

imaging. 
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Figure 67. SEM Phenom XL [229]. 

4.1.8.7. Atomic Force Microscope 

Atomic Force Microscopy (AFM) is a powerful imaging technique that, by scanning a sharp tip (typically 

end diameter 5-10nm) over small areas on the surface, can produce topographical images that quantify 

the surface morphology. Depending on the interaction between the tip and the sample surface, it 

reveals information about the topography, magnetic structure, electric charge distribution, material 

contrast, etc. with a resolution below the nanometre. 

A schematic of the main component of the AFM includes a cantilever with a sharp tip, a laser beam, 

and a photodetector, as represented in Figure 68. An AFM operates by measuring the force between 

the tip of the cantilever and the sample. When the tip is approached or touches the surface, the forces 

produced in the interaction lead to the deflection of the cantilever. This involves mechanical contact 

forces, van der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces 

etc. Furthermore, the deflection can be measured by reflecting a laser beam off the flat top of the 

cantilever into a split photodiode detector. Thus, it is possible to generate an accurate topographic 

map of the surface features [230], [231]. 

 

Figure 68. Schematic drawing of an AFM apparatus [232]. 
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In Figure 69 is shown the AFM Veeco Dimension D3100 used in this research for the topographical 

observation of the zirconia sample surfaces after the laser treatment and chemical etching. This 

technique has been used in order to measure the depth and width of the laser pattern (with and 

without chemical etching) for each specimen and to choose the right laser conditions in order to create 

a micro- and nanometric roughness to enhance the cell adhesion.  

 

Figure 69. General view of the AFM used in this research (Dimension D3100, Veeco). 

4.1.8.8. Contact profilometer 

The contact profilometer is a common tool used to measure the surface texture. The working principle 

of this technique consist on tracing the surface with a sharp tip (“stylus”) and recording the tip position 

using optical or electromechanical methods. A stylus instrument contains a stylus that contacts the 

surface and an electromechanical transducer that converts its Z coordinate into voltage, followed by 

an amplifier that makes that voltage easier to digitize, followed by an analogue-to-digital converter 

that is connected to a computer. 

Contact profilometer was used for the topography characterization of the samples during the DoE, 

which as a tip diamond tip of 2.5 m radius and a constant applied load of around 3 mg. 

4.1.9. Mechanical characterization 

4.1.9.1. Vickers hardness test 

This test is the most conventional methodology used to measure the hardness of the material. It is one 

of the easier hardness tests since the formula that is used for the hardness calculation is independent 

of the geometrical properties of the indenter. Furthermore, this method also allows the calculation of 

the indentation fracture toughness (KIC) from the obtained hardness value. 
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The test method consists of penetrating a square shape pyramid diamond indenter with and angle of 

36º between faces, as shown in Figure 70. This method is applicable to almost any type of material 

(both soft and hard), but the samples must be highly polished to enable measuring the size of the 

impressions. Furthermore, due to its shallow penetration depth, it is a useful and reliable test [233].  

 

Figure 70. Schematic of the Vickers indentation process (left) and the residual imprint (right) [13]. 

In the present work, the durometer Akashi MVK-H0 with a Vickers tip installed was used to determine 

the Vickers hardness (HV) and indentation fracture toughness (KIC) of the sintered zirconia samples. A 

load of 10kgf was applied for Vickers hardness calculations. Five indentations were done for each 

condition and sample type in order to get statistical signification. Furthermore, the indents must be 

positioned such that there is sufficient clearance from the specimen edge and between the individual 

indents. Finally, once the indentation was done, the confocal microscope was used to measure the 

corresponding parameters of the imprints (indentation size and crack length).  

Vickers Hardness (HV) of the material is given by Equation 3, where P is the applied load (in kgf) and d 

is the mean of the diagonal size (in mm) (see Figure 71 in blue). Therefore, HV is directly expressed in 

MPa. 

𝐻𝑉 = 1.8544 ×
𝑃

𝑑2     Equation 5 

Finally, the HV is obtained from the average of various measurements and is expressed as 380 HV 

10/20. In that expression, 380 is the hardness number, HV gives the hardness scale (Vickers), 10 

indicates the load used in kgf, and 20 is the loading time (used only if it differs from 10 to 15s).  
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Figure 71. LSCM micrograph of a Vicker’s hardness imprint conducted at 10 Kgf of maximum applied load. In the figure the 

diagonal (d) is marked in blue.  

Cellular study  

A cellular study was performed to compare the cellular adhesion to non-treated, and laser-treated 

samples. Human mesenchymal stem cells (hMSCs) were used for the study and immunohistochemistry 

technique was used to characterize the cell adhesion to the different surfaces.  Three samples of each 

type were used for the study, and the experiment was repeated twice in order to confirm the 

reproducibility of the results.   

4.1.10. Cell culture 

hMSCs were purchased from ATCC and cultured in Advanced Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/mL penicillin, 50 U/mL 

streptomycin and 1% (w/v) L-glutamine. Cells were maintained at 37 °C, in a humidified atmosphere 

containing 5% (v/v) CO2, changing culture medium three times per week. Cells were detached with 

trypsin-EDTA and replated on a new flask after reaching 80 % confluence. All reagents were purchased 

from Sigma–Aldrich unless otherwise specified. Before all cellular experiments, samples were sterilized 

for 15 minutes in 70 % ethanol (v/v) and subsequently washed thrice with phosphate-buffered saline 

(PBS). 
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4.1.11. Cell adhesion  

hMSCs at passage 4 were seeded at a concentration of 5000 cells/well in serum-free medium and 

incubated at 37 °C and 5% (v/v) CO2 containing atmosphere. After 6 hours, the medium was aspired 

and non-adherent cells removed by carefully washing with PBS. Cells were fixed with 

paraformaldehyde (PFA, 4 % w/v in PBS) for 30 min,  permeabilized with 0.05% (w/v) Triton X-100 in 

PBS for 20 min and blocked with bovine serum albumin (BSA, 1 % (w/v) in PBS) for 30 min. Next, actin 

fibres were stained by incubating with TRITC-conjugated phalloidin (1:300, in permeabilizing buffer) 

for 1 h, focal adhesions by the subsequent incubation with mouse anti-vinculin (1:100, in BSA 1 %, 1h) 

and anti-mouse Alexa 488 (1:2000, in triton 0.05 %, 1 h), and nuclei were stained using 4′,6-diamidino-

2- phenylindole (DAPI) (1:1000, in PBS-glycine 20 mM) for 2 min. All incubations with fluorophores 

were done in the dark. Between all steps, samples were rinsed three times with PBS-glycine for 5 min. 

Specimens were mounted in Mowiol 4-88 and examined under a fluorescence confocal laser scanning 

microscope (CLSM, LSM 800, Carl Zeiss), see Figure 72. Finally,  the images were processed using 

Fiji/Image-J package [234] to calculate cell area, circularity and aspect ratio. Typically, 5 pictures per 

samples were taken, and a number of 15-20 cells per condition analyzed. However, due to the limited 

amount of time only duplicates were analyzed. In further studies, triplicates and a higher amount of 

cells e.g. >50 cells/condition should be studied.   

 

Figure 72. fluorescence confocal laser scanning microscope (CLSM, LSM 800, Carl Zeiss) 
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Results and discussion 

Selection of the laser parameters 

For the selection of the adequate laser parameters, the depth of the laser pathways was considered 

to be the most significant characteristic to take into consideration. This choice was made based on the 

fact that the cellular response is strongly influenced by the surface roughness of the sample, as 

explained in the section 2.2.4.  

Since several studied agreed that the optimum roughness to promote cellular response is ranged 

between 1-2µm, the laser parameters were chosen accordingly to that. Bellow are summarized the 

steps followed during the laser parameters selection process, which are explained in detail in .1.   

1. Initially, the 36 lines of the DoE were characterized by CLSM to measure the depth of each 

pattern. This allows to obtain the relationship between the laser penetration depth and the main 

parameters to take into account in this Master’s thesis to create a well defined patterns (i.e. 

frequency, intensity and scan speed of the laser). 

2. From all those 36 measures of the DoE, 8 had a penetration depth between 1-2 µm. 

3. Those 8 laser paths were then characterized in more detail by mean of AFM, contact 

profilometry and LCSM. Patterns with parallel lines of 30 µm and 50 µm inter-space were 

produced for each of the 8 laser combinations. The generated pile-up and repeatability of those 

patterns was analyzed in order to make the final choice. 

4. Finally, the final laser parameters were selected considering 1-2 µm penetration depth, low pile-

up induced at the edges of the laser patterns, and high repeatability in all lines. The selected 

parameters are: 

o Intensity: 2.5A 

o Scan speed: 2 bit/ms 

o Frequency: 500Hz 

Once the laser parameters were selected, the next step was to perform the surface modification of the 

samples. The designed pattern consisted on paralle lines. Three different line spacing were selected: 

30, 50 and 100µm. Also, non-laser treated samples (with flat surface) were used as reference. In Table 

9 is indicated how the samples has been referenced in the tables and graphs presented in the present 

section. 
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Table 9. Legend of the samples used. 

Space between parallel lines Legend 

Flat surface Reference 

30 µm 30um 

50 µm 50um 

100 µm 100um 

 

Microstructurally characterization  

5.2.1. Density 

The bulk density of the sintered samples was measured by the Archimedes method. It is worth to 

mention the importance of this parameter since it is an indicative of the porosity of the samples, which 

will directly affect the mechanical response of the specimen. 

In this Master’s project, 5 different samples were used for the density calculation (see Table 10). The 

average density measured is 6.08g/cm3. Furthermore, the comparison of the measured density with 

the theorical density of the material enables to calculate the relative density and the porosity rate. 

Considering that the theorical density of 3Y-TZP is 6.10 g/cm3, the relative density of the samples is 

99.70% and the porosity rate is practically negligible, around 0,30%. Finally, since a low porosity rate is 

attributed to the samples, the mechanical properties may not be decreased because of it. 

Table 10. Density of the sintered samples measured by Archimedes method. The relative density and closed porosity of the 
samples are also calculated. 

Sample number Density [g/cm3] Relative density [%] Porosity rate[%] 

1 6.07 99.56 0.44 

2 6.09 99.77 0.23 

3 6.09 99.77 0.23 

4 6.08 99.62 0.38 

5 6.08 99.75 0.25 

Average 𝟔. 𝟎𝟖 ± 0.01 𝟗𝟗. 𝟕𝟎 ± 0.10 0.30± 0.10 

Comparing to other density calculation obtained from the CIP sample preparation technique, the 

reported values are similar. For example, Camposilvan et al. [235] reported relative densities in the 

range of 97-99%.  However, the density of the sample varies depending on the fabrication technique 

used. If compared to other fabrication techniques, the density of the samples fabricated by CIP is 

higher, what result in improved mechanical properties  [12] [13]. 
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5.2.2.  Topographical characterization 

The laser topography generated along the sample surface was characterized my mean of CLSM. A 

schematic of the parameters measured are represented in Figure 73 and listed bellow. 

- Valley Height (Hv): vertical distance between the flat part and the valley  

- Pileup Height (Hp): vertical distance between the flat part and the peak. 

- Total Height (Ht): vertical distance between the valley and the peak. 

- Laser width (Wv): horizontal distance of the laser pathway, without considering the pile-up. 

- Pileup width (Wp): horizontal distance of the pile-up. 

- Total width: total horizontal distance of the laser pathway, considering both parts the valley and 

the pile-up.  

 

Figure 73. Schematic of the measures performed by LCSM. 

Since the laser patterns consist on parallel lines separated by 30, 50 and 100µm (designated as 30um, 

50um and 100um, respectively), the roughness analysis was performed for the 3 different specimens. 

The results are presented in the Table 11. 

Table 11. Topography analysis performed by the LCSM. Measurements were done by using x50 objective. 

 Hv (µm) Hp (µm) Ht (µm) Wv (µm) Wp (µm) Wt (µm) 

30µm 1.19 ± 0.12 0.64 ± 0.10 1.75 ± 0.15 14.66 ± 1.12 6.42 ± 0.78 26.20 ± 0.99 

50µm 1.08 ± 0.18 0.60 ± 0.15 1.64 ± 0.21 15.00 ± 1.98 7.51 ± 1.34 30.60 ± 2.47 

100µm 1.23 ± 0.14 0.64 ± 0.13 1.81 ± 0.16 13.38 ± 0.74 7.33 ± 0.95 29.44 ± 1.64 

The total height (Ht) measured in the three samples is in the desired range for cellular study (between 

1-2µm). However, almost 1/3 of the total height is due to the pile-up generated with the laser (about 

0.6 µm) as side effect. Similarly, the pile-up width measured is half of the total width of the laser path: 

~ 14µm of pileup (~7µm on each side) compared with ~30µm of total width. Ideally, it was intended 

for the pile-up to be the minimum as possible since it may decrease the mechanical properties of the 
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material and promote the t→m phase transformation. Compared with other studies were laser surface 

modification of zirconia has been performed [162, 236], the side effect produced in the work is much 

higher. This is attributed to the accuracy of the type of laser used: in the present work a nanosecond 

laser was used while in almost all the published works a pico- or femto-second laser was selected 

(which is more accurate).  

In the following figure are presented CLSM images of 30um (Figure .a), 50um (Figure .b) and 100um 

(Figure .c) surface patterns. Two part can be differentiated: the laser path (dark gray) and the non-

treated flat surface (light gray). As explained in the paragraph above, the low accuracy of the laser used 

implies a wider laser path. Therefore, even if the desired interlineated for the cellular study are 30um, 

50um and 100um, in real, the non-treated space between to subsequent lines is about 5µm, 25µm and 

75µm (deducted from the images by using the scale bar). Furthermore, from the observation of the 

images it can be said that the laser bean does not only produce micrometer roughness (the valley and 

pile-up), but also nanoscale roughness along the valley. This may be interesting for the cell adhesion 

study. 

  

Figure 74. Images of the topography of the 3 samples a) 30um, b)50um and c) 100um. The images were captures with the 

x50 objective and using the microscope mode. 

b) a) 
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Figure 74. Images of the topography of the 3 samples a) 30um, b)50um and c) 100um. The images were captures with the 
x50 objective and using the microscope mode (continuation). 

Hydrothermal degradation 

5.3.1. Raman Spectroscopy 

The presence of m- and t-phase contents was evaluated by Raman spectroscopy. Figure 75 shows a m-

phase mapping of the samples surface before and after 10 hours degradation in steam. It can be seen 

that the flat sample (reference) and the laser modified samples (30, 50 and 100µm) do not have any 

m-phase content before the degradation process (left images). By contrast, after 10 hours in steam 

water, all the samples present t- → m-phase transformation on the surface, where accordingly to the 

Raman calculation, Vm (%) varies from 15 - 90% depending of the sample type and surface spot. Herein, 

the 30µm degraded sample (30um HD-10h) presented the maximum m-phase transformation volume 

that ranges from 50-90%. However, previous studies have revealed that a penetration of the laser 

beam can be up to 40µm, leading to Raman signals collected from well below the surface layer, and 

altering peak intensities [237]. Thus, it must be noted that the monoclinic Vm (%) calculated may not 

be accurate, although it can be used for a qualitative analysis of the surface degradation.  

c) 
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Figure 75. Raman spectroscopy of the samples before (left) and after 10 hours in water steam (right). 

Furthermore, in Figure 75 it is shown that the m-phase volume content is not homogeneous among all 

the surface of the degraded samples (30µm-HD10h, 50µm-HD10h and 100µm-HD10h). In the Raman 

map of the degraded samples three spots are differentiated: the flat part (non-modified), the laser 

valley, and the pileup (see Figure 76). Regarding Vm (%) of each spot, the pileup is the most transformed 

one while the flat part presents the less m-phase content in all the three specimens. 

 

Figure 76. Image with the three spots on the laser modified sample: flat part, laser valley, and pileup. 
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5.3.2. XRD 

The normalized XRD spectra of the non-degraded and hydrothermally degraded samples is shown in 

Figure 77.  When comparing all the spectra it can be seen that the peaks corresponding to the (-111), 

(111) and (002) planes of the m-phase are present in all the degraded samples, but absent in the non-

degraded ones. Thus, this is an indicative of the m-phase content created after the degradation 

process. Moreover, the intensity of those monoclinic peaks varies between the degraded samples, 

meaning that different Vm (%) are created on each one.   

 

Figure 77. XRD spectra of the samples before and after 10h degradation in steam water. 

 

The Vm (%) content was calculated according to Toraya et al. [220].  In figure Figure 78a it is presented 

a superposition of the 8 normalized XRD spectra for the range of 2𝜃 between 27º and 32º where the 3 

relevant peaks for the calculation appeared. In Figure 78b it is shown the Vm (%) calculated from the 

equation proposed by Toraya et al. [220]. The m-phase content is negligible in the non-degraded 

samples (black line) since it is lower that 2 in all cases. However, after 10 hours of degradation in steam 

water, the m-phase is present in the four samples (in blue). The Vm (%) of the degrades samples ranges 

from 25% (100um-HD10h) to 45% (30um HD10h).  
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Figure 78. a) Magnification of the (-111), (111) monoclinic and (101) tetragonal peaks. B) m-phase volume fraction. 

If compared with the Raman data, the Vm (%) values obtained by XRD are significantly lower. This is 

because, as mentioned in the previous section, the penetration depth of the Raman laser is up to 

40µm, while in the XRD analysis the 63% of the attenuated signal comes from depths less than 2µm 

and the 95% from depths up to 5 µm [238]. Therefore, the Vm (%) obtained with XRD are more 

representative for a quantitative analysis of the m-content on the sample surfaces. 

5.3.3. Vickers Hardness 

Vickers Hardness (HV) was measured in the non-degraded and degraded samples as an indicative of 

how the degradation affects the mechanical properties of the zirconia. In Figure 79 are represented 

the HV values obtained for all the samples before and after 10h degradation. The HV of the non-

degraded samples (in black) is similar in the four specimens. The value ranges from 13.8 to 14.1 GPa, 

which is slightly higher than the reported in the bibliography (~13 GPa) [137]. This may be attributed 

to the low porosity rate obtained in the density calculation. Furthermore, between the non-degraded 

samples, 30µm has the higher value, that may indicate that laser pileup agglomeration created in the 

samples induce a hardening mechanism.  
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Figure 79. Vickers hardness of the specimens before and after 10h of degradation in steam water. 

Moreover, the graph clearly shows that the hardness value dropped in all specimens after the 

hydrothermal degradation (line in blue). This is related with the increase in the Vm (%) content 

calculated with Raman and XRD: The volume expansion of the t- → m-phase transformation induces  

compressive stress on the surface that may affect the mechanical properties of the sample [136]. Also, 

the HV range among the degraded samples is wider compared to the non-degraded ones: 100um-HD 

has the lower hardness value (13.0 GPa), while 30um-HD has the higher one (13.8 GPa). Even so, the 

hardness of the degraded samples is still comparable of even higher of the theorical one.  

 

Cellular study 

5.4.1. Qualitative analysis 

Herein below are presented the images obtained by the fluorescence LCSM of hMSCs adhered to the 

samples. The results are divided on 4 sections, each one corresponding to one sample type: reference, 

30µm, 50µm and 100µm. In all images actin filaments are stained with phalloidin-rodamine (red), cell 

nuclei with DAPI (blue), and vinculin (focal adhesions) with anti-vinculin and anti-mouse-Alexa 488 

primary and secondary antibodies, respectively. 

Reference: Flat sample 

Two fluorescence LSCM images of the reference sample are presented in Figure 80.  In both images 

there is a low number of adherent hMSCs, indicating a low cellular adhesion flat surface. Furthermore, 

the cells have a circular shape and have not spread along the surface. This characteristic in an indication 
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of poor attachment to the flat surface, owing to the fact that the surface lacks biochemical or 

topographical signals [3]. Finally, cells fail to align on the flat surface.  

  

Figure 80. Fluorescence LCSM images of the cells cultured on reference (flat) sample. Actin filaments are stained with 

phalloidin (red), cell nuclei with DAPI (blue), and vinculin (focal adhesion) with anti-vinculin and anti-mouse antibodies. 

30µm line spacing sample 

Two fluorescence LSCM images of the 30µm inter-spacing sample are presented in Figure 82. 

Compared to the reference, there is a similar number of adhered hMSCs. Regarding the cell 

morphology, they also presented a rather circular shape. However, there is an increase on the cell area 

in contrast to reference sample since the cells have spread along the surface, showing clear cytoskeletal 

elongations. Of note, such extensions seem to interact and attach to the topographies induced by the 

laser. Finally, a slight cell alignment in the direction of the pattern can be observed.  

  

Figure 81. Fluorescence LCSM images of the cells cultured on 30um line spacing sample. Actin filaments are stained with 

phalloidin (red), cell nuclei with DAPI (blue), and vinculin (focal adhesion) with anti-vinculin and anti-mouse  antibodies. 

50µm line spacing sample 

Two fluorescence LSCM images of the 50µm inter-spacing sample are presented in Figure 82. 

Compared to the reference and 30um specimens, more hMSCs have adhered to the 50-interspacing 

pattern. Furthermore, like in the 30µm specimens, cell area has notably increased: the cytoskeleton of 

the cells has spread along various laser pattern to find anchoring points in the induced topography. In 
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this specimen, the attached cells presented a more elongated shape as compared to the other two 

cases. Finally, cellular alignment in the direction of the pattern is clearly observed.  

  

Figure 82. Fluorescence LCSM images of the cells cultured on 50um line spacing sample. Actin filaments are stained with 

phalloidin (red), cell nuclei with DAPI (blue), and vinculin (focal adhesion) with anti-vinculin and anti-mouse antibodies. 

100µm line spacing sample 

Two fluorescence LSCM images of the 100µm inter-spacing sample are presented in Figure 83. Like in 

the previous case, the number of cells attached to the 100µm specimen is increased. Furthermore, the 

10µm sample presented the cells with higher area. Regarding the morphology, the cells attached 

presented a rather elongated shape, but not as pronounced as observed in the 50µm samples. Finally, 

there is a moderate cell alignment along the pattern:  the cells are preferentially located in the non 

modified part of the surface (light gray), spread along various pattern lines, and attached to the laser 

modified part of the sample surface (black).   

  

Figure 83. Fluorescence LCSM images of the cells cultured on 100um line spacing sample. Actin filaments are stained with 

phalloidin (red), cell nuclei with DAPI (blue), and vinculin (focal adhesion) with anti-vinculin and anti-mouse antibodies. 
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5.4.2. Quantitative analysis 

The fluorescence LCSM images where analyzed with ImageJ (see Methods section) in order to obtain 

quantitative data of the cellular study. The cells attached to the four specimens were analyzed in terms 

of cell area (Figure 84a) circularity (Figure 84b) and aspect ratio (Figure 84c).  

 

Figure 84. hMSCs adhesion result after 6h of incubation in medium without FBS. a) cell area (µm2), b) cell circularity, c) cell 

aspect ratio.  

In the first place, it can be confirmed that the laser patterns increase the cell area as compared to the 

flat sample (reference). The average cell area is doubled in the 30µm and 100µm samples, and 

increased by a factor of 1,5 in the case of the 50µm specimen. Furthermore, cell morphology is 

characterized by the circularity (from 0-1, being 1 the maximum circularity) and aspect ratio (level of 

cell elongation). Regarding the circularity property of the measured cells, this value is decreased in all 

laser modified samples in contrast with the reference specimens. More specifically, the cells adhered 

to the 100µm specimens displayed the lowest circularity, i.e. less rounded cells. Moreover, the aspect 

ratio graph indicates that the cell elongation is increased on all the laser-patterned samples. Herein, 

the cells attached to the 50µm inter-spacing pattern appear to have the most pronounced elongation, 

being this value double as compared to the reference. However, it should be noted that high standard 

deviation values were obtained in the three graphs and thus the results should be analyzed with 

caution. This is because, due to the lack of time, only 15-20 cells per condition were considered for the 

a) b) 

c) 
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quantitative analysis. Therefore, in order to reduce the error, a higher number of cells should be taken 

into consideration. 

In general, from both the qualitative and quantitative analysis it can be summarized that the adhesion 

of the hMSCs is increased on the laser-modified specimens. This finding is  in concordance with other 

studies performed in the field [3], [161]-[163].Regarding the cell morphology, the patterned surfaces 

induce more elongated cells with bigger area (spreading). Cell alignment along the direction of the 

patterns have been also observed. These effects are expected to positively influence cell behavior in 

terms of proliferation, migration and differentiation [3], and thus improve the biological performance 

of zirconia-based materials. However, a deeper characterization of the cellular study is required to 

choose the laser pattern that promotes the best cellular response. 
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Environmental impact analysis 

During this Master’s thesis, the environmental impact caused is related to the use of material for 

sample preparation (zirconia powder, distilled water, acetone, ethanol, diamond and alumina colloidal 

suspension, cleaning paper) and cellular study (hMSCs, PBS, FBS, medium, triton, primary and 

secondary antibodies, DAPI, BSA, triton, glycine, ethanol, trypsin, etc.) the water consumption during 

the polishing process, and the energy consumed during the diverse processes such as thermal 

treatment, surface modification or sample characterization. 

Regarding the materials used, it can be said that chemicals used during the polishing and cellular assay 

processes do not have an elevated impact on the environment because they are not acid, bases or 

aggressive substances. To minimize the environmental impact, the materials were used reasonably and 

measurably to avoid waste or leftover products. For example, during the sample preparation, a glass 

tunnel was used to prevent the loose of zirconia powder; also, a wasteful feed of substances as distilled 

water, acetone, ethanol and diamond and alumina colloidal suspension was tried to avoid; and the 

cleaning paper was reused as much as possible. Finally, the residues generated were recycled in the 

corresponding bin provided by the CIEFMA and BBT laboratories to reduce the final environmental 

impact. 

The water consumption during the polishing process has a great environmental impact since it required 

the use of a continuous flow of water for some steps of the process. More specifically, 30 minutes of 

continuous water flow is needed for the polishing process, which must be repeated for 50 samples. 

However, in order the minimize the consumed water, many samples were polished simultaneously by 

gluing them into a flat and metallic add-in plate of the polishing machine.  

Finally, the environmental impact caused by energy consumption is mostly due to the oven used for 

the thermal treatment and the laser equipment used for the surface patterning. The oven required the 

largest amount of energy because the thermal treatment lasts a total of 11 hours and 1450 ºC are 

reached for 2 hours. However, to reduce the energy used by the oven, as many possible samples were 

introduced simultaneously in the oven, so the thermal treatment process was repeated as few times 

as possible. Regarding the laser machine, it also requires much energy because a high energy pulse is 

applied to the sample. However, it is an extremely fast process (30s/sample), which reduced the 

amount of energy consumed. Lastly, the impact caused by the electricity consumed for the 

characterization tests such as the use of the diverse microscopes and the Vickers indentations as well 

as the computer was much lower in term of energy consumption compared to the oven and the laser 

machine.  
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Conclusions 

In this Master’s project, the effect of laser-surface modification on 3Y-TZP has been investigated. The 

defined topographical pattern consists on parallel lines with interspaces of 30, 50 and 100 µm. In this 

sense, the density, surface topography and cellular response to those patterns was analyzed. 

Furthermore, the hydrothermal degradation of the samples after 10 hours in steam water was 

evaluated: the microstructure of the degraded samples was characterized by XRD and Raman 

Spectroscopy, and the hardness was measured by Vickers method. 

The conclusions drawn from the results presented are listed below. 

• Laser surface modification technique 

o The depth of the laser tracks can be adjusted by the laser intensity, frequency and 

scan speed.  

o The laser parameters that adjust better to the project purpose are: 2,5A of laser 

intensity, 500Hz frequency and 2bit/ms scan speed. 

• Density measurement 

o The average density measured is 6.08g/cm3.  

o The samples presented high relative density (99.70%) and low porosity rate (0.30%). 

o The CIP technique allows to obtain samples with reduced porosity, and there, better 

mechanical properties. 

• Topographical characterization 

o The total height measures obtained by LSCM are 1.75µm, 1.64µm 1.81µm for 30µm, 

50 µm and 100µm specimens, respectively.  All cased are inside the desired range for 

the cellular study (1-2 µm). 

o The pile-up obtained is considerable (~ 0.6µm height and ~ 7µm width). 

o The laser beam generated produce micrometer scale roughness (the valley and 

pileup) and also nanoscale roughness (along the valley). 

• Hydrothermal degradation 

o From the Raman spectroscopy maps can be deducted that the Vm (%) is negligible in 

all the non-degraded samples, while in the degraded samples ranges from 25-90%. 

o The Raman mapping indicated that the Vm (%) is not homogeneous along the laser 

patterned surfaced (after degradation). Herein, the pileup zone is the most affected 

one. 

o The XRD spectres indicated that there is m→ t phase transformation after the HD 

process. The Vm (%) is negligible in all the non-degraded samples, while in the 

degraded ranges from 25% (100um-HD10h) to 45% (30um HD10h). 

o Vickers Hardness is reduced after the HD process.  
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• Cellular study 

o The adhesion of the hMSCs is increased on the laser-modified specimens. 

o The patterned surfaces promoted cell spreading (bigger areas) and more elongated 

cells 

o Cell alignment is observed, specially in 50µm and 100µm samples. 

o The obtained results are not enough to choose the pattern that promotes the best 

cellular response 

On a personal note, this work has given me invaluable insights into the operation and constraints of 

numerous different characterization techniques. I have worked with the laser equipment, were I 

learned how modify the parameters in order to get the desired surface topography.  I have become 

familiar with numerous microstructural characterization techniques (CLSM, OM, Contact and Optical 

Profilometer, AFM, SEM and Raman), and mechanical characterization techniques (Vickers). Finally, I 

have learned how to perform a cell adhesions study, which implies cell culture and posterior 

immunohistochemistry procedure.  
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Future work 

During this project an extensive study has been carried out on the topography, microstructure and 

cellular response to laser patterned samples. Although many properties have been studied, there are 

still other areas to which future work can be directed. Furthermore, the project was intended to submit 

in November, so more experiments were intended to performed, which can be now considered as 

future work. 

• It would be interesting to perform a more extensive characterization of the topography of the 

patterned surface by FIB cross section, SEM observation as well as evaluating the residual 

stresses induced during the laser patterning. 

• It was intended to characterize the mechanical properties of the patterned sample by 

nanoscratch and nanoindentation techniques.  

• Regarding the qualitative and quantitative analysis of the cellular study, it would be more 

appropriate to consider more images. Thus, the obtained result would be more accurate. Also, 

it would be of great interest to observe the cell by SEM technique. 

• Finally, one of the objectives was to chemically modify the laser patterned samples in order to 

induce nanoscale roughness. Also, it would be of great interest to analyze the cellular response 

to the chemically etched sample and evaluate how the nanoscale roughness influence in the 

cell attachment.  
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Annex A 

Annex A.1  Design of Experiments 

Regarding the experimental design of the laser conditions, the goal of the research is to find the 

optimum laser parameters that adequate most the surface roughness patterns in order to enhance the 

cell adhesion. A full factorial approach was followed for the design of the laser experiments. The critical 

parameters to take into consideration for this analysis are: laser beam intensity, frequency, and mark 

speed.  The selection process was made based on the depth of the laser paths since the cellular 

response is strongly influenced by the surface roughness of the sample, as explained in the section 

2.2.4. A summary of the group of tests planned and done along this Master’s thesis are presented in 

Table 12. 

Table 12. Conditions for the laser tests. 

Test number Intensity (A) Mark speed (bits/mseg) Frequency (Hz) 

Test 1 

1.1 2 1 Variable* 

1.2 2 2 Variable* 

1.3 2 5 Variable* 

Test 2 

2.1 2,5 1 Variable* 

2.2 2,5 2 Variable* 

2.3 2,5 5 Variable* 

Test 3 

3.1 3 1 Variable* 

3.2 3 2 Variable* 

3.3 3 5 Variable* 

 *250Hz, 500Hz, 750Hz and 1000Hz 

The next step was to characterize the penetration depth (or total heigh produced on each test. The 

measurements were performed by CLSM, as represented in Figure 85. 
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Figure 85. Depth measurement of the tests by CLSM. 

Once all the depth of all test were measures, the next step was to plot the tendency lines of the depth 

in function of the laser intensity, scan speed and frequency. Since several studied agreed that the 

optimum roughness to promote cellular response is ranged between 1-2µm, the laser parameters 

were chosen accordingly to that penetration depth.  In Figure 86a, Figure 86b and Figure 86c are 

represented the variation the depth with the laser intensity, frequency and scan speed, respectively. 

The observation made about the obtained tendencies are: 

- The depth is increased when the laser intensity is increased 

- The depth is increased when the laser frequency is increased 

- The depth is decreased when scan speed is augmented 
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Figure 86. Variation of the depth with a) laser intensity, b)laser frequency, c) scan speed. 

Furthermore, as stated above, the desired laser pattern for this project should have a total heigh 

between 1-2 µm. From all the 36 tests performed in the DoE, only 8 were in that range.  

After, those 8 laser paths were then characterized in more detail by mean of AFM, contact profilometry 

and LCSM. Patterns with parallel lines of 30 µm and 50 µm inter-space were produced for each of the 

8 laser combinations. The AFM result allows to analyze the laser topography in more detail, while by 

using the contact profilometer the repeatability of the laser line measures was evaluated. The results 

are presented in Table 13 and Table 14 , for the 50µm and 30µm interspacing, respectively. The final 

decision of the laser parameter was made by considering: 

- Total heigh (depth) in the range of 1-2 µm 

- Minimum pileup to minimize the side effect of the laser beam. 

- Repeatability of the lines along the parallel lines. 

Accordingly to that, the selected parameters are marked:  

o Intensity: 2.5A 

o Scan speed: 2 bit/ms 

o Frequency: 500Hz 
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Table 13. Contact profilometer, confocal microscope and AFM result of the 50um interspacing samples 

Interspacing: 50um 

S 
Speed 

(bits/ms) 
I (A) 

F 
(Hz) 

Dist. 
pulse 

Contact profilometer Confocal microscope AFM 

1  1 2,5 250 4,8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

0,84 0,77 1,61 1,363 ±0,130 0,74 ±0,04 0,40 ±0,10 1,14 ±0,05 20,69 ±1,66 5,97 ±1,19 34,86 ±0,93 

   

2 2 2,5 500 4,8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,730 0,660 1,390 1,466 ±0,010 0,91 ±0,09 0,31 ±0,11 1,22 ±0,17 19,27 ±0,40 6,47 ±0,87 31,95 ±2,29 

   

3 2 2,5 750 3,2 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,990 0,750 1,730 1,859 ±0,103 1,21 ±0,11 0,44 ±0,11 1,63 ±0,07 21,24 ±1,07 5,29 ±1,01 32,67 ±1,78 
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4 2 3 250 9,6 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,550 0,380 0,930 1,102 ±0,117 0,45 ±0,04 0,23 ±0,04 0,67 ±0,05 16,88 ±0,40 13,51 ±3,01 36,83 ±4,19 

   

5 2 3 500 4,8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,780 0,530 1,310 2,775 ± 0,027 1,33 ±0,15 0,57 ±0,05 1,91 ±0,17 16,76 ±0,23 11,84 ±1,84 38,03 ±3,38 

   

6 5 3 500 12 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,620 0,480 1,100 0,995 ±0,066 0,60 ±0,05 0,35 ±0,09 0,96 ±0,03 13,65 ±0,58 5,78 ±0,39 23,39 ±6,90 
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7 5 3 750 8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,620 0,890 1,500 1,549 ±0,260 0,77 ±0,14 0,37 ±0,07 1,15 ±0,23 12,67 ±0,76 7,15 ±1,12 28,46 ±0,35 

   

8 5 3 1000 6 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,600 0,540 1,140 2,099 ±0,109 1,04 ±0,05 0,40 ±0,03 1,43 ±0,07 14,80 ±0,60 7,45 ±0,65 30,30 ±1,38 
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Table 14. Contact profilometer, confocal microscope and AFM result of the 50um interspacing samples 

Interlineado: 30um 

S 
Seed 

(bits/ms) 
I (A) 

F 
(Hz) 

Dist. 
pulse 

Contact profilometer Confocal microscope AFM 

1 1 2,5 250 4,8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,720 0,700 1,420 1,668 ±0,021 1,03 ±0,07 0,50 ±0,08 1,53 ±0,15 18,51 ±0,87 5,38 ±0,13 27,32 ±1,33 

   

2 2 2,5 500 4,8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,730 0,750 1,470 1,548 ±0,407 0,98 ±0,08 0,31 ±0,03 1,31 ±0,11 17,38 ±0,36 5,61 ±0,21 27,21 ±0,81 

   

3 2 2,5 750 3,2 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,920 0,920 1,840 2,588 ±0,214 1,59 ±0,09 0,36 ±0,02 1,96 ±0,11 18,54 ±0,28 4,45 ±0,55 28,71 ±0,80 
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4 2 3 250 9,6 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,640 0,550 1,190 1,322 ±0,028 0,80 ±0,16 0,26 ±0,03 1,07 ±0,16 16,66 ±0,34 4,60 ±0,36 25,64 ±0,75 

   

5 2 3 500 4,8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,700 0,700 1,400 2,419 ±0,013 1,63 ±0,08 0,36 ±0,09 1,99 ±0,13 16,53 ±0,45 5,41 ±0,22 27,23 ±0,47 

   

6 5 3 500 12 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,610 0,510 1,120 1,335 ±0,223 0,72 ±0,06 0,23 ±0,03 0,96 ±0,09 13,69 ±0,32 3,35 ±0,88 21,06 ±0,50 
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7 5 3 750 8 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,650 0,440 1,090 1,740 ±0,009 1,91 ±0,07 0,28 ±0,04 1,19 ±0,06 13,80 ±0,39 5,25 ±0,25 23,53 ±1,02 

   

8 5 3 1000 6 Rv (um) Rp (um) Rt Rt hlaser hpil-up ht wlaser wpil-up wt 

-0,640 0,510 1,150 1,905 ±0,107 1,26 ±0,11 0,25 ±0,03 1,50 ±0,12 14,71 ±0,56 4,92 ±0,22 24,69 ±0,45 
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Annex A.2  Interface of L-Win and Weldmark 

 

Figure 87. L-Win main display. 
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Figure 88. The interface of WeldMARK. 

 

Figure 89. Properties table to modify the mark speed in WeldMARK. 

 


