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abstract 
 
 
 

Zirconia is a widely studied ceramic and it is applied in several areas such as 
engineering (solid oxide fuel cells, thermal barrier coatings) and biomedicine, in 
areas such as orthopedic and odontology. This material can be applied with the 
purpose to restore a body function that was compromised by a degenerative disease 
(orthopedic implants), in dental area and sensors due to its excellent mechanical 
properties, aesthetic characteristics and biocompatibility. However, this ceramic is 
sensitive to ageing and has a low hardness. To overcome these limitations, samples 
of Yttria Stabilized Zirconia doped with different oxides were developed and the goal 
was to improve the ageing resistance and mechanical properties of un-doped 2 
mol% Yttria Stabilized Zirconia (2YSZ). 
A careful selection of the dopants and respective concentrations was performed. 
According to the literature, ceria (CeO2), silica (SiO2), alumina (Al2O3), lanthana 
(La2O3), ytterbia (Yb2O3) and manganese oxide (MnO2) improve the ageing 
resistance and/or the mechanical properties of Yttria Stabilized Zirconia (YSZ). In 
this study, thirteen different doped 2YSZ compositions were developed. For each 
selected dopant, three to four compositions were performed with different dopant 
concentrations. 
After a wet milling stage, the doped stabilized zirconia powders were obtained by 
spray-drying, from stabilized suspensions with a controlled nanometric particle size 
distribution. The obtained doped sprayed powders were characterized through 
several techniques, such as scanning electron microscopy (SEM), X-ray diffraction 
(XRD), X-ray fluorescence (XRF), density and specific surface area (SSA). Green 
bodies of all doped compositions were obtained by uniaxial pressing (70 MPa). High 
density ceramics (with relative density between 90% and approximately 99%) were 
achieved at low sintering temperatures (1350 °C and 1400 °C). The grain size of the 
sintered samples was measured by SEM images, and a dispersed microstructure 
with a nanometric grain size was observed for all 2YSZ doped samples. The 
crystallographic phases present in the doped samples were identified by XRD. In 
order to assess their thermal ageing resistance, the samples were subjected to a 
thermal treatment at low temperatures (200 °C) during a period of 36 hours.  
After this treatment, the fracture toughness of the aged samples was evaluated. 
From all the starting samples, those with better resistance to thermal ageing and 
fracture toughness were afterwards selected: samples of 2YSZ doped with CeO2 
(0.50 wt%) and with SiO2 (0.25 wt%) and La2O3 (1.07 wt%). 
Cylindrical bodies of the selected doped 2YSZ compositions were obtained by two 
pressing stages - uniaxial and cold isostatic pressing - and sintered at 1350 ºC for 3 
hours. The behaviour of the sintered samples was investigated in terms of 
hydrothermal ageing resistance, according to the specifications mentioned in ISO 
13356:2008 (134 ± 2 ºC and 0.2 MPa), and mechanical properties: Vickers’ hardness 
along with fracture toughness and flexural strength.  
The amount of monoclinic zirconia, indicative of degradation, was determined by 
XRD after 5 hours of ageing test. Afterwards the mechanical behaviour (Vickers 
hardness, fracture toughness and flexural strength) of the aged samples was 
assessed. 
The results obtained in the present study demonstrate that adequate doped 2YSZ 
samples, with improved hydrothermal degradation resistance (9.87 % of monoclinic 
zirconia for SiO2 with La2O3 doped 2YSZ sample while un-doped 2YSZ presented a 
monoclinic phase higher than 15 %) can be obtained. The mechanical properties of 
the sample of 2YSZ doped with both oxides (SiO2 and La2O3), before and after the 
hydrothermal ageing, were practically maintained (1159 vs 1141 HV (hardness), 
9.68 vs 9.15 MPa.m1/2 (fracture toughness) and 700 vs 698 MPa (flexural strength)). 
Nevertheless, a decrease of the mechanical properties was observed for both 
selected doped 2YSZ samples in relation to un-doped sample.  
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resumo 
 
 
 

A zircónia é um cerâmico amplamente estudado e aplicado em diversas áreas da 
engenharia (células de combustível, revestimentos de barreiras térmicas) e 
biomedicina, em áreas como a ortopedia e a odontologia. Este material tem sido 
aplicado com o propósito de restaurar funções corporais que foram comprometidas 
por uma doença degenerativa (implantes ortopédicos), na área dentária e em 
sensores, devido às suas excelentes propriedades mecânicas, características 
estéticas e biocompatibilidade. Atualmente, existe a necessidade de desenvolver 
novos dispositivos com elevadas taxas de sucesso para as aplicações médicas 
mencionadas. O aumento da longevidade dos dispositivos protéticos para uma 
população jovem, mais ativa, com maior esperança de vida, requer o 
desenvolvimento de novos produtos, com desempenhos e designs fiáveis. O uso de 
Yttria Tetragonal Zirconia Polycrystal (Y-TZP) abriu possibilidades para desenvolver 
novos e promissores implantes, com novas e mais complexas geometrias, que não 
eram possíveis com outros cerâmicos, como por exemplo a alumina (mais frágil). 
Contudo, a zircónia cerâmica apresenta algumas limitações de trabalho: é sensível 
ao envelhecimento e apresenta baixa dureza. Devido a estas limitações, foram 
desenvolvidas várias amostras de zircónia estabilizada com 2 mol% de ítria (2YSZ), 
dopadas com diferentes óxidos, com o objetivo de avaliar e melhorar a resistência 
ao envelhecimento e propriedades mecânicas, quando comparadas com as 
amostras não dopadas. 
Para este efeito, foi realizada uma seleção criteriosa dos dopantes e respetivas 
concentrações. De acordo com a literatura, a céria (CeO2), sílica (SiO2), alumina 
(Al2O3), lantana (La2O3), íterbia (Yb2O3) e óxido de manganês (MnO2) melhoram a 
resistência ao envelhecimento e/ou as propriedades mecânicas da zircónia 
estabilizada com ítria (YSZ).Neste estudo, foram desenvolvidas treze diferentes 
composições dopadas, de zircónia estabilizada com 2 mol% de ítria (2YSZ). Por 
cada dopante selecionado foram preparadas três a quatro composições.  
Após uma etapa de moagem, os pós dopados de zircónia foram obtidos por 
atomização, a partir de suspensões estabilizadas, com uma distribuição de tamanho 
de partícula nanométrico controlado. Os pós atomizados foram caracterizados 
recorrendo a várias técnicas tais como microscopia eletrónica de varrimento (SEM), 
difração de raios-X (DRX), fluorescência de raios-X (FRX), densidade real, e área 
superficial específica (SSA). 
Os corpos em verde de todas as composições foram obtidos por prensagem uniaxial 
(70 MPa). Foram obtidos corpos cerâmicos com densidade elevada (com densidade 
relativa entre 90% e aproximadamente 99%) a uma temperatura de sinterização 
relativamente baixa (1350 ºC e 1400 ºC). 
O tamanho de grão das amostras sinterizadas foi medido através de imagens SEM, 
sendo verificado em todas as amostras de 2YSZ dopadas, uma microestrutura 
dispersa, com um tamanho de grão nanométrico. 
As fases cristalográficas presentes nas amostras dopadas foram identificadas por 
DRX. 
A fim de avaliar a resistência ao envelhecimento, as amostras sinterizadas foram 
submetidas a um tratamento térmico a baixas temperaturas (200 ºC) durante um 
período de 36 horas. Após este tratamento foi avaliada a tenacidade à fratura das 
amostras envelhecidas. 
Com base nestes resultados selecionaram-se as amostras que apresentavam 
melhor resistência ao envelhecimento térmico e tenacidade à fratura: 2YSZ dopada 
com CeO2 (0.50 wt%) e SiO2 (0.25 wt%) com La2O3 (1.07 wt%).  
Os pós das composições selecionadas foram sujeitos a prensagem uniaxial seguida 
de prensagem isostática a frio e sinterizadas a 1350 ºC durante 3 horas. Após 
sinterização, o comportamento destas amostras foi investigado em termos de 
resistência ao envelhecimento hidrotérmico e propriedades mecânicas: dureza de 
Vickers, tenacidade à fratura e resistência à flexão.  
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 Os testes de envelhecimento hidrotérmico foram realizados de acordo com as 
especificações mencionadas na norma ISO 13356:2008 (134 ± 2 ºC e 0.2 MPa). A 
percentagem de zircónia monoclínica, indicador de degradação, foi determinada por 
difração de raios-X após 5 horas de teste de envelhecimento hidrotérmico. 
Posteriormente, avaliou-se o comportamento mecânico (dureza de Vickers, a 
tenacidade à fratura e resistência à flexão) das amostras envelhecidas. 
O presente estudo demonstra que podem ser obtidas amostras cerâmicas de 2YSZ 
dopadas adequadas, com resistência à degradação hidrotérmico melhoradas (9.87 
% de zircónia monoclínica para a amostra de 2YSZ dopada com SiO2 e La2O3, 
enquanto que a amostra de zircónia não dopada apresenta uma percentagem de 
fase monoclínica superior a 15 %). As propriedades mecânicas da amostra dopada 
com ambos os óxidos (SiO2 e La2O3), antes e após o envelhecimento hidrotérmico, 
foram praticamente mantidas (1159 vs 1141 HV (dureza), 9.68 vs 9.15 MPa.m1/2 

(tenacidade à fratura) e 700 vs 698 MPa (resistência à flexão)). Porém, uma 
diminuição das propriedades mecânicas foi observada para ambas as amostras 
dopadas de 2YSZ selecionadas em relação à amostra de zircónia não dopada.  
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1. Introduction 
 

Zirconia has been widely studied and applied in diverse fields such as engineering 

(solid oxide fuel cells and thermal barrier coating), medicine and dentistry. Due to its 

outstanding mechanical properties, esthetical characteristics and biocompatibility, this 

ceramic material has been getting the attention of the scientific community. 

Crystalline dioxide of zirconium is well known as bioinert and inorganic oxide. This 

oxide exhibits good chemical stability, toughness, mechanical strength, Young’s Modulus 

value similar to stainless steel alloys and long term biocompatibility, turning this ceramic 

into an excellent candidate to be used in a wide range of applications [1], [2]. According to 

its properties, zirconia becomes very attractive to the world of biomaterials, especially, to 

restore a body function that was compromised by a degenerative disease (orthopedic 

joints), in dental care and sensors.  

In the 1980’s, zirconia femoral heads were introduced to overcome the brittleness of 

alumina and the consequent potential failure of implants [3], [4]. The alumina devices 

presented a high fracture rate due to slow crack growth that led to failure [2]. Nevertheless, 

some efforts were taken in order to densify alumina, namely, using high purity raw powders 

with a narrow size distribution and the application of different sintering methods (hot 

isostatic pressing (HIP), for example) [5]. However, these alumina devices still presented 

brittleness and became unreliable for these medical applications. To overcome such 

brittleness and increase the reliability of these implants, zirconia ceramics were introduced. 

The first paper concerning the use of zirconia ball head for arthroplasty was published in 

1988 [1]. Later, in 1989, the Food and Drug Administration approved the use of zirconia ball 

head for arthroplasty.  

During the last 20 years, more than six hundred thousand zirconia femoral head 

implants have been implemented worldwide, predominantly in the US and in Europe [4], [5]. 

Biomedical grade zirconia exhibits the best mechanical properties of oxide ceramics, 

significantly better than the mechanical properties presented by alumina. Indeed, the 

fracture toughness of zirconia is practically the double that of alumina (6-8 MPa·m1/2 versus 

3-4 MPa·m1/2) and the strength can achieve values around 2 GPa for a fine grain grade of 

zirconia [3]. These exceptional properties are related with the phase transformation 

toughening mechanism presented by zirconia, which highly increases its fracture toughness 

and strength, leading to an increase in the crack propagation resistance [1], [4], [6]. This 

mechanism consists in a stress induced phase transformation, where the metastable 

tetragonal grains are converted into monoclinic phase at the crack tip, which is 
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accompanied by volume expansion induced by compressive stress [4]. Nonetheless, due 

to this transformability, zirconia tetragonal grains can be very unstable and extensive 

transformation into the monoclinic phase can cause degradation of this ceramic. In order to 

maintain the tetragonal phase of zirconia, some suitable stabilizers, like yttrium oxide (Y2O3) 

are commonly added to this oxide. Frequently, biomedical grade zirconia (orthopedics and 

dental) contain, normally, 3 mol% of yttria. 

Nevertheless, Yttria Stabilized Zirconia (YSZ) ceramics undergo Low Temperature 

Degradation (LDT) [7]. This effect causes serious limitation in stabilized zirconia, since it 

causes the formation of micro-cracking and loss of strength in presence of a moist 

environment, which occurs from room temperature up to 400 ºC [7], [8], [9]. There is a 

relevant concern in relation to degradation when devices are used in a moisture 

atmosphere, such as at body temperature and when they are autoclaved for sterilization. In 

2001, Food and Drug Administration (FDA, USA) announced the recall of a series of Yttria 

- Stabilized Tetragonal Zirconia Polycrystal (Y-TZP) hip prostheses due to a fracture of 

zirconia femoral heads. The Saint Gobain Desmarquest, a major manufacturer of the 

zirconia implants, stopped with Prozyr®(femoral heads implants of zirconia) activities and 

requested a worldwide recall of some batches, because of their higher fracture rates in vivo, 

caused by their degradability [4], [7]. The cause of the fractures was due to the tetragonal 

to monoclinic phase transition detected on the surface of these implants. A cascade of 

implications, namely, micro-cracking, nucleation and growth, occurred in the low density 

parts originated by the presence of monoclinic phase of the zirconia. This monoclinic phase 

presents a lower value of density than tetragonal phase and is more susceptible to ageing, 

under exposure to physiological moisture environment and cycling loading [7], [10]. 

On the same year that zirconia was applied in orthopedics the dental community 

discovered the use of zirconia [3]. Since its introduction in the dental field, zirconia has been 

widely used to produce fixed partial dentures (FPDs), implant abutments and zirconia 

restorations (Figure 1). Moreover, zirconia can be processed, with precision, to complex 

geometries using CAD/CAM techniques. Zirconia properties are highly suitable for 

applications in the dental field because they exhibit excellent mechanical properties, natural 

tooth appearance, insolubility in water environment, no cytotoxicity, reduction of bacterial 

adhesion and low corrosion potential [11]. The tetragonal zirconia ceramic, when stabilized 

with yttria, achieves excellent mechanical and esthetical properties(colour, translucency) 

[3]. There is some evidence, in dental clinical practice, of two main problems which are 

chipping of porcelain veneering in single crowns and FDPs, and fracture of zirconia 

abutments. In particular, chipping of veneering has been appointed as the most common 



CHAPTER 1 – Introduction and Objectives 

5 
 

problem of zirconia restorations [11]. However, the consequences of failure of a dental 

implant or dental restoration device are less problematic than that of an orthopedic implant. 

 

Figure 1. Representation of an example of a zirconia dental bridge. Adapted from [12]. 

Although the success of zirconia’s usage, due to enhanced strength implants, 

biocompatibility and its diverse applications, there are still problems to be solved such as 

the risk of degradation, low hardness and problems with manufacturing mechanisms. 

The retention of tetragonal zirconia phase is crucial to obtain excellent mechanical 

properties and increase the ageing resistance, making zirconia a stable material that 

presents good properties. Zirconia stabilized with 2 mol% of yttria is more unstable 

compared to 3 mol% of Yttria Stabilized Zirconia (3YSZ), resulting in a stronger degradation 

of such ceramics [6], [7]. Although 2 mol% Yttria Stabilized Zirconia (2YSZ) exhibits 

excellent mechanical properties (strength and fracture toughness), it presents a higher 

degradation due to the spontaneous transformability of the zirconia phases (tetragonal to 

monoclinic phase). However, this problematic situation can be overcome by the addition of 

other stabilizers and dopants, such as CeO2, CaO or MgO, as has been widely investigated 

[8]. These stabilizers and dopants will enhance the stability of the tetragonal phase, 

mechanical properties, and therefore, improve the stability of zirconia, resulting in an 

increase of the ageing resistance. Nevertheless, the ability to adjust the microstructure of 

this ceramic is crucial to achieve the requirements of biomedical devices (in order to 

produce very effective arthroprosthetic devices, with higher success rates that make their 

use adequate especially to younger population and more active patients) as well as in dental 

implants (to achieve reliable dental restorations). 
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1.1. Objectives 

 

The main objective of the present study is to develop 2 mol% Yttria Stabilized Zirconia 

(2YSZ), provided by INNOVNANO, doped with different elements (and different 

percentages of each element) with improved thermal and hydrothermal ageing resistance 

and mechanical properties. 

The2YSZ powders were doped with different types of oxides and different amounts of 

each oxide. Through the literature it was verified that ceria (CeO2), silica (SiO2), alumina 

(Al2O3), lanthana (La2O3), ytterbia (Yb2O3) and manganese oxide (MnO2) present 

improvements in the ageing resistance and/or of mechanical properties of zirconia 

ceramics. 

The various compositions of doped 2YSZ were defined on the basis of the results 

presented by several authors [45]-[59], [64].  

Three different compositions of 2YSZ doped with ceria were defined: 

 2 mol% Yttria Stabilized Zirconia and 0.25 wt% of CeO2 

 2 mol% Yttria Stabilized Zirconia and 0.5 wt% of CeO2 

 2 mol% Yttria Stabilized Zirconia and 0.75 wt% of CeO2 

Concerning the 2YSZ compositions doped with silica were produced by adding 

another dopants, alumina and lanthana. Three different compositions were produced:  

 2 mol% Yttria Stabilized Zirconia and 0.25 wt% of SiO2; 

 2 mol% Yttria Stabilized Zirconia, 0.25 wt% of SiO2 and 0.25 wt% Al2O3; 

 2 mol% Yttria Stabilized Zirconia, 0.25 wt% of SiO2 and 1.07 wt% La2O3. 

Also, three compositions of 2YSZ doped with different concentrations of ytterbia were 

produced: 

 2 mol% Yttria Stabilized Zirconia and 13.12 wt% of Yb2O3; 

 2 mol% Yttria Stabilized Zirconia and 19.68 wt% of Yb2O3; 

 2 mol% Yttria Stabilized Zirconia and 26.24 wt% of Yb2O3. 

Furthermore, four compositions of 2YSZ doped with manganese oxide were 

produced: 

 2 mol% Yttria Stabilized Zirconia and 0.025 wt% of MnO2; 

 2 mol% Yttria Stabilized Zirconia and 0.05 wt% of MnO2; 

 2 mol% Yttria Stabilized Zirconia and 0.25 wt% of MnO2; 

 2 mol% Yttria Stabilized Zirconia and 0.75 wt% of MnO2. 



CHAPTER 1 – Introduction and Objectives 

7 
 

The characteristics of the obtained samples were analysed based on the ISO 

standard 13356:2008: Implants for surgery – ceramic materials based on yttria-stabilized 

tetragonal zirconia (Y-TZP) [13]. In order to evaluate the effect of the selected dopants on 

the resistance to degradation of the 2YSZ, the samples were submitted to thermal ageing 

tests. Thereafter, mechanical tests, namely fracture toughness, of the aged samples was 

measured. According to the obtained outcomes of thermal ageing resistance and fracture 

toughness tests, the doped 2YSZ samples with better properties were selected. In order to 

fully characterize these selected samples, hydrothermal ageing tests and mechanical tests 

(hardness, fracture toughness and flexural strength), before and after degradation tests, 

were performed.  

 

1.2. Document Structure 

 

This document is structured in five chapters. The first chapter synthesizes the current 

situation of the research theme and its interest, as well as the objectives of this project. The 

second chapter approaches the literature review about zirconia, in order to understand its 

properties and applications, and the dopants currently added to this oxide. In the third 

chapter, the experimental procedure describing all the characterization techniques and tests 

performed in this study are mentioned. The fourth chapter presents the experimental results 

and their analysis. Lastly, in the fifth chapter, the main conclusions are presented alongside 

with the plan for future developments and suggestions.  
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2. Literature Review 
 

2.1. Properties of Zirconia 

 

Zirconia does not exist in nature in a pure state, but can be found as a free oxide 

(ZrO2) with the mineral Baddeleyite [1], [8], [14]. This oxide presents an approximate density 

of 5.7 g/cm3. This ceramic is a polymorphic material with three crystallographic forms: 

monoclinic, tetragonal and cubic. The monoclinic phase is the most stable form of zirconia 

and it is stable from room temperatures up to 1170 ºC. The tetragonal form is stable at 

temperatures of 1170-2370 ºC. The cubic form is stable at temperatures over 2370 ºC [1], 

[8], [14]. 

This ceramic exhibits notable changes in volume during the phase transformation, 

i.e., the tetragonal to monoclinic phase transformation [1], [14]. During cooling, the stress 

induced phase transformation at room temperature, ahead with a propagation crack, results 

in a 3-5 % volume expansion and approximately 7 % shear strain. On the contrary, upon 

heating, a decrease of 5 % in volume occurs (Figure 2) [1], [3], [7], [14]. These values may 

vary depending on grain size and concentration of stabilizer, as it will be demonstrated 

throughout this document. 

 

Figure 2. Temperature phase transformation of zirconia. Adapted from [14], [15]. 

The tetragonal to monoclinic transformation was identified in 1975, and it brought 

emerging knowledge for new applications of zirconia. Indeed, this phase transformation is 

a mechanism of transformation of the toughening of the ceramic material [8]. Furthermore, 

the mechanism of stress induced phase transformation which involves the transformation 

of metastable tetragonal grains to the monoclinic phase at the crack tip, accompanied by a 

volumetric expansion, induces compressive stresses [5], [7], [16]. In fact, these 
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compressive stresses, protect the crack tip from applied stress, enhancing the fracture 

toughness of zirconia [16]. 

This transformations of phases of zirconia is martensitic and it occurs during the 

sintering and for both heating and cooling [8]. It is accompanied by a shear strain and a 

large increase of volume, as previous mentioned, leading to occurrence of internal stresses 

on cooling. These developed internal stresses are so large that pure zirconia sintered above 

1170 ºC disintegrates by cracking upon cooling [8]. Through this mechanism, the 

propagation of the fracture becomes more difficult, and toughness increase occurs in the 

material.  

Nevertheless, it is fundamental to stabilize the tetragonal phase of zirconia, which 

presents higher density (around 6 g/cm3) and better mechanical properties in relation to 

monoclinic zirconia [6], [14]. Zirconia in tetragonal phase presents good chemical and 

dimensional stability, good mechanical strength and toughness, and a Young’s Modulus 

value similar to stainless steel alloy. This oxide exhibits resistance to traction that can be 

as high as 900-1200 MPa and its compression resistance is about 2000 MPa [17]. All these 

aspects originated an increased interest in using zirconia as a ceramic biomaterial. Table 1 

shows the mechanical properties of tetragonal zirconia [1]. 

Table 1.Properties of tetragonal zirconia. Adapted from [1]. 

Property Tetragonal Zirconia (TZP) 

Young’s Modulus (GPa) 210 

Strength (MPa) 900-1200 

Hardness (HV) 1200 

The grain size and sintering process are two factors that affect zirconia’s mechanical 

properties because higher temperatures and longer sintering time induce the formation of 

a larger grain size. Larger grain size makes zirconia less stable and more vulnerable to 

spontaneous tetragonal to monoclinic transformation than smaller grains (<1 µm). When 

grain size is below that of approximately 0.2 µm, the transformation is not possible, leading 

to a reduction in fracture toughness [11]. 

The zirconia phase transformation toughening mechanism begins in the presence of 

large tensile stresses around a crack and, as previously mentioned, a volume expansion 

occurs. This volume expansion of tetragonal grains can stop the crack propagation. 

Nevertheless, in the proximity of that crack, the grains will be destabilized, originating a 

transformation zone in the material [8]. A schematic representation of this phenomenon is 

given in Figure 3. The formation of the transformation zone in the material means that, when 



CHAPTER 2 – Literature Review 

13 
 

volume expansion occurs, stresses are created in the surroundings of the tetragonal grains, 

leading them to transform too, trying to expand to the bulk of the material [8]. The tensile 

stresses created by this transformation may induce micro-cracking at the grain boundaries, 

facilitating the access to diffusion of the water species inside the bulk [7]. This 

transformability can cause loss of strength, low temperature degradation and consequent 

deterioration of the zirconia. Therefore, it is crucial to control this phenomenon of 

transformation, in order to obtain the improved crack resistance without losing the 

outstanding properties of tetragonal phase zirconia.  

 

Figure 3. Schematic representation of phase transformation toughening. Adapted from [3]. 

The thermodynamics of the tetragonal to monoclinic transformation in this material is 

expressed in terms of different energy contributions to the overall energy of transformation 

[7]. The change of total free energy (ΔGt-m) per units of volume required for the 

transformation of zirconia can be expressed by equation (1) [7], [8]: 

ΔGt-m =ΔGc +ΔUSE +ΔUS (1) 

where ΔGc corresponds to the difference in the chemical free energy associated with the 

tetragonal to monoclinic phase transformation. This gradient is dependent on the 

temperature and composition, including the oxygen vacancy content. It presents negative 

values (ΔGc<0) for temperatures below the equilibrium temperature. The term ΔUSE refers 

to the change in elastic strain energy associated with the transformation of particles, and it 

is usually a positive value. This variable is dependent on the modulus of the surrounding 

matrix, the size and shape of the particle and the presence of internal or external stresses. 

Lastly, the variable ΔUS is the change in energy associated with the formation of new 
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interfaces upon the occurrence of the transformation, like micro-cracks. The value of the 

gradient is normally a positive value. In general, when the overall value ΔGt-m is positive, the 

particles retention on tetragonal state is verified. On the other hand, when this value is 

negative, the particles are metastable and probably will be transformed into monoclinic [7], 

[8], [9]. 

In fact, by a decrease in ΔGc and an increase in ΔUSE, the addition of a stabilizer to 

zirconia decreases the driving force of the tetragonal to monoclinic phase transformation of 

zirconia. Stabilization of the tetragonal phase of zirconia is related with the elastic self-

energy ΔUSE (equation (1)). ΔUSE is directly associated to the surrounding matrix modulus, 

where the high matrix modulus will increase the elastic self-energy, providing stabilization 

of tetragonal phase zirconia. However, ΔUSE is also influenced by applied or internal 

stresses. These tensile stresses will act to reduce ΔUSE and causing the destabilization of 

the tetragonal phase [7], [8], [9]. 

 

2.2. Low Temperature Degradation 

 

Zirconia presents sensitivity to low temperature degradation making this the main 

concern regarding the utilization of this material. 

Low Temperature Degradation (LTD) is a phenomenon that leads to ageing of zirconia 

and occurs in the presence of moisture [4], [7], [8]. This kinetic phenomenon consists in a 

slow transformation of the tetragonal to monoclinic zirconia, from room temperature to 

around 400 °C, through nucleation and growth processes [4], [8]. This phenomenon of 

degradation begins at the surface of the zirconia by a stress corrosion type mechanism that 

can be extended to the inner parts of this ceramic [4], [8]. 

Ageing of zirconia corresponds to Low Temperature Degradation, a phenomenon 

which is related with a spontaneous slow transformation of the crystals from the tetragonal 

phase to the less stable monoclinic phase, in absence of any mechanical stress [11].  

An explanation of this ageing phenomenon is reported by Schubert and Frey [18], 

where the moisture species penetrate into the tetragonal lattice, leading to the formation of 

tensile stresses on the surface grains. This causes a destabilization of the tetragonal phase 

by reducing the value of the elastic self-energy of the transformation (ΔUSE). Through a 

decrease of ΔUSE, the rate of the phases transformation will increase, as previously 

mentioned [19]. According to Fabris et al. [20], these moisture species penetrate the 

tetragonal lattice and cause a destabilization of this lattice by eradication of the oxygen 

vacancies. 
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As it would be expected, the effects of LTD are loss of strength and micro-cracking, 

due to the lower density and thus lower hardness and resistance to crack formation 

presented by the monoclinic phase. This will lead to appearance of porosity on the surface 

of the material and consequently a path for the water or biologic fluids to penetrate into the 

material [7]. The nucleation of the transformation process leads to a cascade of events that 

occur neighbor to neighbor, as schematized in Figure 4. 

 

Figure 4. Schematic demonstration of the ageing process occurring in a cross section of a zirconia 
biomaterial. (a) Nucleation on a particular grain at the surface; (b) Growth of the transformed zone; 

(c) Penetration of water due to micro-cracks around the transformed grains (red path). Adapted 

from [4]. 

The diffusion of moisture species into the lattice via oxygen vacancies will cause a 

change of lattice parameters because this moisture species create tensile hydrostatic stress 

in the grains and change the oxygen configuration around the Zr4+ ions, leading to instability 

and consequent transformation. This is caused by stress accumulation and/or decrease of 

the difference in chemical free energy between tetragonal and monoclinic phases (ΔGc). 

Thus, the nucleation occurs in the most unstable grains subjected to the highest tensile 

stresses. This will lead to a volume increase of the grains that will induce the ocurrence of 

micro-cracking and will create stresses on the other grains, which will lead to a continous 

increase of the number of monoclinic nuclei. As a consequence, the growth of the 

transformed zone will lead to large micro-cracking and surface roughening, caused by 

volume expansion upon transformation [7]. Hence, transformation proceeds in the presence 

of the fluids (water or biological fluids) and stresses. The fluids will enter the lattice and will 

provide the prolongation of the monoclinic transformation through the bulk [4], [7], [8]. 

In Figure 5 a schematic representation of two alternatives ways of transformation of 

grains of zirconia is demonstrated. Basically, Low Temperature Degradation is an 

alternative to the resistance to crack propagation, caused by the stress induced 

transformation for the tetragonal to monoclinic transformation. On the other hand, when the 

transformation is initiated by a propagation crack, an improved toughening is achieved.  
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Figure 5. The scheme represents two alternative ways by which tetragonal phase can transform 
into monoclinic phase. In the left, the alternative corresponds to crack propagation induced 
transformation and the other (in the right) is intermediate temperature exposure to moisture. 

Adapted from [8]. 

The diffusion of water derived species from the surface results not only in undesirable 

transformations, but also on surface roughening resulting in several detrimental factors, 

such as micro-cracking, grain pull-out, wear debris, and loss of strength, as described on 

the scheme of Figure 6 [8]. The initial transformation of specific grains can be caused by 

several factors like their non-equilibrium state due to their size (large grains are more 

unstable), lower stabilizer content, a specific orientation on the surface, or the presence of 

residual stresses (compressive or tensile) [4], [21]. These aspects can lead to the fracture 

of the zirconia ceramic. 

 

Figure 6. Potential consequences of ageing on zirconia materials. Adapted from [8]. 

Some cases of surface degradation (roughening and micro-cracking) caused by 

phase transformation were reported by Haraguchi et al. [4].Craters at contact regions were 

visible in zirconia that may correspond to monoclinic spots, but worn out, due to the large 
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amounts of removed grain induced by wear. Figure 7 schematically represents a scenario 

of surface degradation due to the combination of LTD and wear [4].  

 

Figure 7. Illustration of the surface degradation of zirconia hip prostheses caused by the 
combination of ageing and wear. (a) Surface roughening and micro-cracking on the surface 

material. (b) Grain-out induced by wear, creating craters at the surface of the material. Adapted 

from [4]. 

In this sense, the hydrothermal degradation, an ageing phenomenon that affects the 

surface of zirconia ceramic when exposed to humid environments, becomes a crucial factor 

which affects the surface stability of zirconia. After long exposure to this environment 

degradation, grain boundary micro-cracks are formed and monoclinic uplifts appear on the 

surface producing an increase in roughness accompanied by grain pull-out, as previously 

mentioned. The extension of the transformed zone can be observed and eventually 

measured, in terms of fraction of monoclinic zirconia content from its first appearance on 

some isolated grains to the progression into the bulk through the sample of the first 

superficial layer and into the volume [7], [22]. A complete overview, from the early stages 

of degradation to the macroscopic consequences, is represented on Figure 8, which 

demonstrates the evolution of the monoclinic fraction versus time, measured by X-ray 

diffraction. 
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Figure 8. Representation of the evolution of the monoclinic fraction versus time measured by X-ray 
diffraction. The nucleation-growth process starts on the surface of the sample, in one grain and 
propagates to the rest of the grains. The growth into the bulk was observed by cross-sectional 

scanning electron microscopy. Adapted from [7]. 

The sterilization process on polished sections of zirconia, at 134 °C and 2 bar in 

autoclave, also led to the surface roughening of the material, causing grain removal induced 

by wear. This originated craters on the surface of the material such as the presented in 

Figure 9, which are related with the monoclinic nuclei formed by ageing, that will lead to 

their catastrophic degradation [4]. 

 
Figure 9. SEM picture of retrieved zirconia head for total hip replacement after 4.5 years in vitro. A 
large crater on the surface of zirconia head, induced by ageing associated to wear, is clearly seen. 

Adapted from [4]. 
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In order to prevent the degradation of zirconia, an International Standard that specifies 

the characteristics and test methods for ceramics based on Yttria Stabilized Tetragonal 

Zirconia (Y-STZ) was established. The second edition of this ISO standard (ISO 13356) [13] 

was published in 2008, which specifies the material properties, namely, bulk density, 

chemical composition, microstructure, mechanical properties and the ageing tests. 

According with the mentioned ISO standard, the Y-STZ ceramic for implant applications 

must be submitted to an accelerated hydrothermal ageing test. The samples of zirconia 

must be placed in a suitable autoclave and exposed to steam at 134 ± 2 ºC under a pressure 

of 0.2 MPa during a period of time of 5 hours. This is the standard period of time for ageing 

evaluation required by ISO 13356:2008 and it was chosen considering that this time is 

correspondent to the common prosthesis lifetime of 15 to 20 years old in vivo [7], [23]. After 

the procedure of the accelerated ageing test, the monoclinic fraction of the zirconia sample 

must be determined by X-ray diffraction analysis, and should be equal or below 25%. 

Regarding the residual biaxial and bending strength of the aged samples, it should not 

decrease more than 20 % and must be equal or greater than 500 MPa after this test.  

The surface finish of the ceramic can benefit the resistance to aging, or decrease it. 

When the material is exposed to a degradation environment, the grains are transformed as 

a function of their disequilibrium state, since all the grains remain in a similar stress state 

[24].  

When a scratch is formed on the material’s surface by machining or polishing, it leaves a 

homogenous stress state on the surrounding area of the scratch [21]. The area affected by 

these stresses will be susceptible to transformation of the grains which will lead to ageing. 

According to Deville et al. [21], rough polishing can produce a compressive surface stress 

layer that is beneficial for the ageing resistance. Comparatively when a smooth polishing is 

applied, preferential transformation nucleation around scratches is produced due to tensile 

residual stresses. The material polished with 6 µm finish produces compressive stresses 

that appear on the surface of zirconia, and this compressive stress is less favorable for 

transformation when compared to tensile stresses. On the other hand, a smooth finish from 

1 µm to 3 µm creates an elastic/plastic zone that leads to the formation of a region for 

nucleation. Hence, during the ageing treatment these regions can change the stability of 

the zirconia ceramic [21].  

The ageing resistance of zirconia can also be affected by the sintering temperature 

[25], [26], [27]. Kawai et al. [26], reported that through the increase of sintering temperature, 

the fraction of monoclinic phase of zirconia increases in Y-TZPs. It was observed that for a 

Y-TZP sintered at a temperature higher than 1400 ºC, the monoclinic zirconia content was 



CHAPTER 2 – Literature Review 

20 
 

approximately 80 % with a penetration depth of 17.6 µm. The excessive grain growth 

promoted by the sintering temperature and increasing time, can reduce the protection 

against degradation [28], [29]. This is in agreement with Equation (1), which refers that 

smaller grains present higher values of ΔUS, leading to a higher stability of the material. 

In order to understand and quantify the progress of the zirconia transformation 

kinetics, X-ray diffraction is mostly used. Several studies have reported that LTD kinetics 

follow sigmoidal laws related with the nucleation-growth process [30]–[32]. The surface 

transformation (tetragonal to monoclinic zirconia) induced by the ageing process can be 

expressed according to a modified Mehl-Avrami-Johnson (MAJ) law (equation 2) [8], [31]–

[34]. 

𝑉𝑚 = 1 − (1 − 𝑉𝑚
0)exp [−(𝑏𝑡)𝑛] (2) 

In this equation, 𝑉𝑚 
0 corresponds to the initial monoclinic phase fraction in the material 

before being submitted to ageing tests, 𝑏 is a parameter that represents the temperature 

dependence of the ageing effect, 𝑡 is the ageing duration, and 𝑛 is the MAJ exponent (or 

time exponent, which is a constant independent of temperature). From the literature, the 

exponent 𝑛 can vary between 0.3 and 4 [31], [34]. According to Christian [35], the 𝑛 constant 

is different according with the ageing mechanism, reflecting the proportion of nucleation and 

growth during these deleterious transformations [31], [35] and it depends on the 

microstructure and chemical composition of the material in analysis [36]. The 𝑛 exponent 

can be derived from the logarithmic form, as represented in equation (3). 

ln (ln (
1 − 𝑉𝑚

0

1 − 𝑉𝑚
)) = 𝑛 ln(𝑏) + 𝑛 ln(𝑡) (3) 

Through MAJ law,𝑛 can be determined from the slope of the best regression line of 

the plot ln (ln (1 −
𝑉𝑚 
0

1
− 𝑉𝑚)) versus ln(𝑡). A small value of 𝑛 represents a higher 

contribution of the nucleation phase to the ageing process, i.e., an accelerated nucleation 

occurs. On the other hand, a 𝑛 value close to 4 represents a homogeneous nucleation and 

a three-dimensional growth mechanism is dominant [34], [36], [37]. For values of 𝑛between 

1 and 2 a decelerated growth rate of monoclinic phase zirconia is observed [37], being also 

a one-dimensional process [32], [34]. Therefore, the nucleation process is only present on 

the surface of the material and a growth into the bulk does not occur.  

Hence, this MAJ law became widely used to investigate the degree of degradation 

present in the sample submitted to the ageing process and it can be divided into three 

successive stages. In the initial stage, the single and isolated tetragonal grains or nuclei at 
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the surface begin to transform into the monoclinic structure; in the second stage, there is 

an exponential increase in the monoclinic phase, which is normally interpreted as a three-

dimensional growth of the monoclinic phase into the volume. In the last stage, a “saturation 

phenomenon” occurs, as described by Nakajima et al., being this phenomenon associated 

with the maximum transformable tetragonal zirconia content [38]. 

 

2.3. Stabilized Zirconia 

 

Zirconia behaviour is influenced by the selection of the starting powders, composition 

and size of the grains, which affects the mechanical parameters and the ageing resistance 

of this ceramic.  

Developing stabilized tetragonal zirconia ceramics with good mechanical properties, 

namely, high fracture toughness and flexural strength was always the priority with this 

ceramic. The addition of a stabilizer to zirconia was studied with the purpose of enhancing 

the stability of the tetragonal zirconia phase, improving the stability of the material itself [39]. 

In 1975, Garvie et al .[40] published the first study related with the stabilization of zirconia’s 

tetragonal phase. This study is relative to a test of magnesia partially stabilized zirconia. 

From this publication, various stabilizers added to zirconia were analyzed.  

Regarding the addition of the stabilizer to zirconia, the oxygen ions around Zr4+ cations 

will stabilize, making the tetragonal or even the cubic phase stables and preventing an 

undesirable transformation of the tetragonal zirconia to monoclinic phase during cooling at 

low temperature. In order to maintain the tetragonal zirconia phase at low temperature and 

control the transformability of these ceramics, several stabilizers, such as calcia (CaO), 

ceria (CeO2) and yttria (Y2O3), have been added to ZrO2 [1], [8], [41]. These multiphase 

materials are known as Partially Stabilized Zirconia (PSZ) [1]. Some of these stabilizers 

contain undersized and oversized trivalent ions (as the yttria (Y3+)), as well as oversized 

tetravalent ions (like ceria (Ce4+)). Li et al. [8], verified that the stabilization of tetragonal 

zirconia with oversized trivalent cations, such as Y3+ , is twice as efficient than undersized 

trivalent cations, since they are more efficient in relieving the oxygen overcrowding (by both 

oxygen vacancies generation and dilatation of the cation network). 

Yttria is the stabilizer that presents the best characteristics since it allows the 

attainment of a system with only tetragonal phase and it improves the material’s ageing 

resistance, making it the most used stabilizer for zirconia. This stabilized zirconia is 

designed Yttria-Stabilized Tetragonal Zirconia Polycrystal ceramic (Y-TZP) [42]. This 

composition decreases the driving force of the transformability at room temperature and 



CHAPTER 2 – Literature Review 

22 
 

retains the metastable tetragonal grains in dense bodies, when the content is around 3 

mol% of yttria [1]. Thus, the yttria content will increase the value of ΔUSE, mentioned in 

equation (1). In the case of Y-TZP, many oxygen vacancies are created by the trivalent 

cations (Y3+), causing the water diffusion rate to be higher when compared with other 

stabilized zirconia with tetravalent cations, like ceria stabilized zirconia (Ce-TZP), in which 

Ce4+ does not induce vacancies [3]. Unfortunately, the content of yttria can also trigger Low 

Temperature Degradation, once that with yttria doping the water species can locate the 

oxygen vacancies site present on the surface of the zirconia [18]. According to Schubert et 

al. [3], the penetration of OH- leads to a lattice concentration, causing tensile stresses on 

the surface of the grains, which destabilizes the tetragonal phase and provides the 

martensitic tetragonal to monoclinic phase transformation. The presence of yttria (Y3+) as a 

stabilizer for zirconia (Zr4+) creates oxygen vacancies in Yttria Stabilized Zirconia according 

to the equation (4) [42]: 

𝑌2𝑂3
𝑍𝑟𝑂2
→    2𝑌′𝑍𝑟 + 𝑉𝑂

.. + 3𝑂𝑂
× (4) 

where Y'Zr represents the negatively charged yttrium ion that will substitute the zirconium 

ion, Vö indicates the positively charged oxygen vacancies and 3𝑂𝑂
× represents the lattice 

oxygen [42]. Similarly, cations such as Mg2+, Ca2+ have lower valence comparatively with 

zirconium ion (Zr4+), inducing the formation of oxygen vacancies (Vö). The substitution of 

Zr4+ ion by the Y3+ will create a negative charge in the lattice, and in order to replace the 

charge neutrality, an oxygen vacancy is created for each mol of yttria incorporated in the 

lattice [43]. Therefore, two yttrium ions are necessary to electrically balance just one oxygen 

vacancy [43]. 

Magnesia-Stabilized Zirconia (MgO-SZs) presents residual porosity and bigger grain 

size (30-40 µm), what have discouraged the use of this composition for biomedical 

applications, since these factors together can lead to degradation of the implant. Moreover, 

the reinforcement by phase transformation toughening is less pronounced in magnesia 

stabilized zirconia when compared to yttria stabilized zirconia [14].  

Ceria can be used to stabilize zirconia and it presents many similarities with Yttria 

Stabilized Zirconia. Ceria Stabilized Zirconia also presents an equivalent value of fracture 

toughness relative to the Y-TZP, but the grain sizes must be larger [43]. While for a Ce-

TZP, to achieve a KIC of 12 MPa.m1/2 it needs a grain size of 8 µm, Y-TZP achieves this 

value with a grain size of 2 µm [43]. Table 2 shows the values of typical mechanical 

properties presented by yttria and ceria stabilized tetragonal zirconia (Y-TZP and Ce-TZP). 
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Table 2. Values of typical mechanical properties presented by Y-TZPs and Ce-TZPs. Adapted from 

[43]. 

 Y-TZP Ce-TZP 

Stabilizer (mol%) 2-3 12-15 

Hardness (GPa) 10-12 7-10 

Fracture toughness, KIC (RT, MPa.m1/2) 6-15 6-30 

Young’s modulus (GPa) 140-200 140-200 

Bend strength (MPa) 800-1300 500-800 

By analyzing the table, it is possible to verify that a higher amount of ceria is necessary 

to achieve similar mechanical properties than those of Y-TZP. 

The exact yttria amount, in yttria stabilized tetragonal zirconia, plays a crucial role in 

the transformability of zirconia and consequently in the toughness properties. The 

toughness of Y-TZPs is strongly influenced by the grain size of the zirconia [43]. In fact, to 

control the volume expansion due to the transformation occurrence, it is necessary to limit 

the zirconia grain size [9]. Indeed, the zirconia grain size must be between two critical 

values, i.e., the lower value (Dc’) and the higher value (Dc). Below the Dc’ value the 

transformation is hindered (the tetragonal phase is stabilized because of its very small size), 

and above the Dc value a spontaneous transformation occurs. These critical sizes depend 

on the content of oxide stabilizer present in zirconia [3]. Figure 10 shows that with a 

concentration of 2 mol% Yttria Stabilized Zirconia (2YSZ) the critical size is approximately 

0.2 µm, while for 3 mol% of yttria it increases to approximately 1 µm [1].  

Therefore, as previous mentioned, smaller and fine grain sizes are important factors 

in order to achieve better mechanical properties and ageing resistance. The lower the grain 

size obtained by 2YSZ is, a higher increase of toughness of the zirconia is expected. The 

toughness increases mostly due to the decrease of the stabilizer, i.e., lesser stabilizer will 

imply a higher toughness. Increasing the amount of yttria to about 3 mol% Yttria Stabilized 

Zirconia (3YSZ), leads to a superior critical size of the grains, leading to a decrease in the 

mechanical properties, in terms of the fracture toughness. Hence, the amount of zirconia 

stabilizer is an important factor to attain when selecting a zirconia grain size. Nevertheless, 

this grain size should be able to trigger and maintain the toughening mechanism presented 

by the tetragonal phase of the zirconia. 
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Figure 10. Critical grain size against yttria content in tetragonal zirconia. Adapted from [1]. 

Investigations of the effect of yttria content in ZrO2 concluded that 2 mol% of this 

stabilizer is an optimum concentration that contributes to stability and to an increase in the 

mechanical properties. Table 3 demonstrates that 2YSZ has excellent properties, exhibiting 

a highest fracture toughness of 8.1 MPa.m1/2 while the other samples present a fracture 

toughness that did not exceed 6 MPa.m1/2 [6]. 

Table 3. Density and mechanical properties of samples with different concentration of yttria. Adapted 

from [6]. 

Sample 
Yttria  

(molar ratio) 

Tetragonal phase 

(vol. % of zirconia) 

Cubic phase 

(vol. %) 

Fracture 

toughness 

(MPa.m1/2) 

AZ38 2Y 100 0 8.1 (±) 0.1 

AZ60 2.5Y 94.6 5.4 5.6 (±) 0.2 

AZ35 3Y 98.7 1.3 6.0 (±) 0.1 

Through the zirconia-yttria phase diagram represented in Figure 11, it is possible to 

verify that in zirconia with contents higher than 3 mol% of yttria, the fraction of transformable 

tetragonal phase decreases. Thus, the decrease of tetragonal phase will affect the 

mechanical properties, such as the toughness and hardness of the material [6].  

In order to prevent the spontaneous transformability of zirconia, 3 mol% Yttria 

Stabilized Zirconia (3YSZ) is used, retaining the stable tetragonal zirconia phase. However, 

with this reduction of the transformability of zirconia at room temperature there are 

consequences at the level of mechanical properties, as previously mentioned. Although, 

2YSZ presents superior mechanical properties, such as strength and fracture toughness, it 

is more susceptible to degradation. This brittleness of 2YSZ can be overcame through other 
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stabilizers and dopants addition, with the purpose of enhancing the ageing resistance and 

thus, avoiding the degradation. 

 

Figure 11. The zirconia-yttria phase diagram, in which T=tetragonal, C=cubic, M=monoclinic and 
L= liquid phase of zirconia. Adapted from [44], [45]. 

 

2.4. Dopants 

 

In order to provide an increase of the ageing resistance and/or enhance the 

mechanical properties of tetragonal zirconia, the addition of different dopants and different 

percentages of each element have been tested. In this topic some examples of these 

dopants will be presented, alongside with the reported effects on the characteristics of 

tetragonal zirconia.  

 

2.4.1. Ceria 

 

Ceria is usually tested as a stabilizer, although it has also been tested as a dopant, in 

order to improve the mechanical properties of Y-TZP. Ceria (CeO2) is added to completely 

stabilize zirconia in its tetragonal phase and it has been verified that its addition increases 

the fracture toughness of Y-TZP [46]. Nevertheless, the amount of ceria must be carefully 

controlled, since higher amounts tend to increase the material’s porosity which decreases 

the bulk density and material’s strength [47], [48]. 
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According to the study of Ragurajan et al .[47], an addition of 0.5 wt% of ceria to 3 

mol% of Yttria Stabilized Zirconia, sintered at 1400 ºC, achieved the best results for fracture 

toughness, reaching 6.4 MPam1/2, against 5.3 MPam1/2 for the un-doped samples. With this 

composition, the sample presents the most homogeneous microstructure, with a smaller 

grain size. At this sintering temperature (1400 ºC), this sample also achieved the highest 

value of density (5.9 g/cm3), being this value of density the probable explanation for the 

enhanced value of hardness. For the samples containing 0.5 wt% ceria at a sintering 

temperature of 1400 ºC the highest value for the Vickers Hardness was achieved, 1346 HV 

(~13.2 GPa). Retaining this composition but with a sintering temperature of 1450 ºC, the 

achieved Young’s Modulus was approximately 211 GPa [47].  

As mentioned, in section 2.3., ceria has been also used as a tetragonal zirconia 

stabilizer, and some authors reported that the monoclinic phase content decreases with the 

increasing amount of ceria. Hernandez et al. [49] observed that 3Y-TZP with more than 2 

mol% of ceria prevented the formation of monoclinic phase during hydrothermal treatment 

(at 160 ºC), while the same material without ceria presented 80 % of monoclinic phase after 

the treatment. 

 

2.4.2. Manganese Oxide 

 

The inclusion of transition metal oxides, such as manganese oxide (MnO2), can 

improve the densification of zirconia and its resistance to degradation without grain growth 

[50], [51]. According to Duh and Hwung [50], small contents of manganese oxide increased 

the densification rate for Y-TZP. The densification of zirconia through the addition of 

manganese is related with the decrease of diffusion activation energy caused by the solid 

solution of MnO2 in the ZrO2 crystal. Upon sintering, the zirconia sites, that will cause fast 

diffusion paths within single grains, are replaced by manganese cations [51]. Through the 

addition of MnO2 a compact surface of the material is achieved.  

In a study reported by Ramesh et al. [50], [51], it was observed that the addition of an 

amount of manganese oxide higher than 0.05 wt% to a 3 mol% Yttria Stabilized Zirconia 

(3YSZ) significantly improved the bulk density at lower sintering temperatures (below 1400 

ºC). On the other hand, when 1 wt% of MnO2 was added, the bulk density led to the opposite 

result. In particular, the lower bulk density presented by samples with 1 wt% of MnO2 for 

temperatures above 1300 ºC occurs due to the formation of cubic zirconia in the tetragonal 

matrix (Figure 12) [51]. 
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Figure 12. Representation of the effect of the sintering temperature and manganese oxide addition 
on the bulk density of Y-TZP. Adapted from [51]. 

In relation to the Young’s Modulus, higher values are reached at lower sintering 

temperatures. The Young’s Modulus value varied linearly with increasing density. The 

addition of MnO2 presents the beneficial effect of improving the hardness of 3YSZ at low 

sintering temperatures (below 1350 ºC). The doped samples reached higher values in 

relation to the un-doped ones. The maximum value of hardness (~13.7 GPa) was observed 

at a sintering temperature of 1400 ºC with the addition of 0.05 wt% of MnO2 [51]. Similar 

results of hardness are achieved between the doped samples with 0.5 wt% and 0.3 wt%, 

where both materials exhibited very high hardness of 13.2 GPa (0.3 wt%) and 13.6 GPa 

(0.5 wt%), when sintered at 1250 ºC. Furthermore, the biggest difference was observed in 

the values of hardness achieved between the un-doped and the sample doped with 0.5 wt% 

of manganese oxide when sintering at 1250 ºC: the un-doped samples achieves 9.7 GPa 

while the doped sample reaches 13.6 GPa although, the hardness of all samples decreased 

above 1400 ºC. The fracture toughness of the un-doped and of the 0.5 wt% manganese 

doped zirconia did not present significant variations with the temperature, except for the 1 

wt% MnO2 doped zirconia which resulted in an increase from 4.8 MPa.m1/2 at 1400 ºC to 

5.3 MPa.m1/2 at 1450 ºC and then rapidly to 7 MPa.m1/2 at 1500 ºC. This phenomenon is 

related with a quick response of the metastable tetragonal zirconia grains to the induced 

stresses created during indentation, i.e., the enhanced transformation toughness effect [51]. 

The ageing resistance of the stabilized tetragonal phase was studied and it was 

verified that the doped sample with 0.5 wt% did not undergo phase transformation during 

the ageing experiments (180 ºC/10 bar for 24 hours). These results demonstrate that the 

addition of manganese oxide can be beneficial in order to slow down the kinetics of ageing 

by preventing the hydroxyl reaction from zirconia near grain boundary regions (Figure 13) 

[51]. 
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Figure 13. Effect of hydrothermal ageing on the monoclinic phase development in Y-TZPs sintered 
at 1350 ºC. Adapted from [51]. 

Other published study by Zhou et al. [52], also showed that the relative density of 8 

mol% yttria stabilized zirconia (8 YSZ) was significantly improved by the addition of 

manganese oxide. During the sintering process, the Mn cations replace the Zr sites, leading 

to fast diffusion paths within the single grains. As a result of the formation of this faster 

diffusion path, the grain growth with manganese oxide additions enhanced, since the 

average grain size of the doped sample with 1 wt% of MnO2 was 0.3 µm and 2.5 µm for the 

sample with 5 wt% of MnO2. The results reported that for addition of an amount of 0-3 wt% 

MnO2, the monoclinic zirconia fraction present in the bulk sample decreases significantly 

(53.8% to 12.5%), which confirms that additions of the manganese is beneficial to the 

tetragonal phase stability of 8YSZ sample. The surfaces of the sintered samples were 

compact and pores and second phases were not observed. The bending strength and 

hardness of the sintered samples improved with addition of these dopants to zirconia. 

Higher values were achieved at lower temperatures (from 1200 ºC to 1300 ºC), as reported 

by Ramesh et al. [50], [51]. The maximum value of Vickers hardness was approximately 

1800 HV for the 5 wt% MnO2 added to 8YSZ sample sintered at 1400 ºC, while the highest 

strength was approximately of 230 MPa for the sample doped with 3 wt% MnO2 sintered at 

1300 ºC.  

 

2.4.3. Lanthana 

 

To overcome the Low Temperature Degradation, which causes the martensitic 

transformation from tetragonal to monoclinic phase, lanthana in dopant amounts was also 

analyzed [53]. There is a clear evidence that the addition of ternary oxides (such as Y3+, 

La3+) can promote an effective deceleration of the transformability of zirconia once that 



CHAPTER 2 – Literature Review 

29 
 

these cations with a lower valence than Zr4+ produce oxygen vacancies that maintain the 

charge balance. Ternary additions also influence the grain growth and grain boundary 

segregation on tetragonal zirconia polycrystal due to a difference in ionic radius which 

delays the degradation [53], [54].  

In the work of Zhang et al. [55], it was observed that when lanthana is used as a 

dopant, the cation segregation occurs on grain boundaries in YSZ ceramics. This 

segregation of trivalent cation promotes a stronger binding of the oxygen vacancies at the 

grain boundary and highly contributes to maintain the stability in detrimental conditions. In 

order to slow down the ageing kinetics, larger oversized cations are preferred. Lanthana 

inhibits the grain growth of zirconia which is concomitant with a higher degradation 

resistance. So, it was reported that the addition of 0.2 mol% to 0.4 mol% of lanthana led to 

the highest ageing resistance of zirconia (Figure 14) [55]. However, above this value the 

ageing resistance starts to decrease. A secondary phase (La2Zr2O7) precipitates for 

contents higher than 1 mol%, which can enhance the ageing of zirconia due to the 

accompanied volume expansion and even more detrimental is that the formation of a new 

phase is followed by a decrease in density [55]. The samples of lanthana with an amount 

of 0.02 mol% were not fully densified after sintering (1500 ºC for 2hours) resulting in pieces 

with residual porosity causing the decrease of its hardness. It was reported that with the 

addition of 0.1-0.4 mol% of lanthana and 0.1-0.25 wt% of alumina to 3 mol% Yttria Stabilized 

Zirconia, the samples can be fully densified when sintered for 2 hours at 1450 ºC or 1500 

ºC [55].  

In terms of hydrothermal stability, translucency and good mechanical properties, were 

achieved with a combination of 0.2 mol% of lanthana and 0.1 to 0.25 mol% of alumina in a 

3 mol% Y-TZP, when compared to a commercialized zirconia [55].  

 

Figure 14. Representation of the monoclinic phase content of lanthana doped zirconia samples as 
a function of ageing time in steam at 134 ºC. The transformation rate decreased when the amount 
of lanthana increased from 0.02 mol% to 0.4 mol% (left) but increased when the amount of La2O3 

was greater than 0.4 mol%. Adapted from [55]. 
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In another study of Nogiwa-Valdez et al. [53], the addition of lanthana (1 wt%) and 

alumina (1 wt%) to 3 mol% Yttria Stabilized Zirconia (3YSZ) was investigated. The zirconia 

doped with two elements did not present significant variations in the mechanical properties, 

density or grain size. Regarding hydrothermal degradation resistance, good results were 

achieved. After the samples were exposed to hydrothermal conditions (heated steam at 180 

ºC, ~90 kPa), the first detection of hydrothermal degradation was observed by Atomic Force 

Microscopy (AFM), which revealed that individual surface grains displayed monoclinic 

symmetry. The degradation proceeded in adjacent grains, which formed monoclinic clusters 

that grew in the radial direction and circular shape on the surface. The surface of the un-

doped sample allowed the penetration of water species after 24 hours of exposure (leading 

to surface delamination) and after 72 hours, the degradation had progressed, fracturing the 

sample. With addition of alumina and lanthana the degradation progress was prevented, 

delaying the surface saturation, and therefore the failure of the material. Therefore, the 

addition of these dopant elements substantially reduced the nucleation rate and growth of 

monoclinic clusters (Figure 15). 

 

Figure 15. Group of images obtained by optical microscopy of Z sample (3Y-TZP) and LAZ sample 
(lanthana and alumina doped zirconia) exposed for 3, 6, 12 and 24 hours to hydrothermal tests. 

Adapted from [53]. 

Cross-section of those samples were observed to identify the degradation 

propagation rate into the bulk. Through Figure 16 it is possible to assume that the addition 

of both oxides considerable reduced the bulk propagation. After 72 hours of exposure, the 

sample with the ternary dopants presented a monoclinic layer with only 4.6 µm in 

comparison with the control sample (un-doped zirconia) which showed 41 µm of 

transformed layer. With addition of lanthana a modification in the transformation kinetics 
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was reported (since the grains were only partially transformed), leading to a reduction of the 

surface micro-cracking.  

 

Figure 16. Images obtained by SEM of cross-section of the surface of the samples exposed for 48 
hours to hydrothermal environment. The sample Z corresponds 3Y-TZP (control sample) and 

lanthana/alumina doped zirconia (LAZ). Adapted from [53]. 

 

2.4.4. Silica 

 

Silica in small quantities is an attractive dopant for yttria stabilized zirconia and has 

been reported that it improves the resistance to Low Temperature Degradation without 

compromising its resistance to slow crack growth. Some authors reported that the addition 

of silica reduces the lattice strain resulting in a stabilized tetragonal zirconia [56]–[59]. The 

occurrence of the internal stresses can facilitate the growth of monoclinic clusters, 

promoting an extension of the transformation to their vicinity. Through the addition of silica 

to zirconia an amorphous phase at triple junctions appears. This makes the grains rounder 

leading to a reduction of stresses at the grain corners. Silica can limit the growth of 

monoclinic nuclei and thus, slowing down the ageing process preventing its propagation 

[56], [60].  

Samodurova et al. [60] reported that the addition of SiO2 did not change the densities, 

grain size or mechanical properties of 3 mol% Yttria Stabilized Zirconia (3YSZ), however 

the resistance to degradation was significantly improved. It was observed that the addition 

of silica (0.05 wt% and 0.025 wt %) resulted in the appearance of an amorphous silica phase 

at multiple grain junctions making the grains rounder. When silica or alumina are added to 

tetragonal zirconia, the rate of tetragonal to monoclinic transformation is highly improved 

causing a decrease of monoclinic phase nucleation. After 24 hours of ageing tests (at 134 

ºC) the formation of both layers of monoclinic zirconia was observed. These layers were 

thinner in comparison to those presented by the un-doped zirconia samples under the same 

conditions, and less amounts of micro-cracking in the grain boundaries appeared [60]. The 
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addition of silica and alumina causes the deceleration of Low Temperature Degradation of 

YSZ. Furthermore, good results were achieved when these two dopants were combined 

because they present improvements in the resistance to ageing without reducing the 

fracture toughness of the zirconia (before and after ageing tests) [60]. 

Gremillard et al. [57], [59], obtained results similar to the ones of Samodurova et al. 

[60]. It was reported that the addition of silica did not cause modifications in the fracture 

toughness, but this dopant highly improved the resistance to degradation. After exposing 

the samples in a steam environment (at 134 ºC) for 15 hours, the control sample achieved 

a maximum transformation of monoclinic zirconia of approximately of 75 %, while the doped 

zirconia with 0.5 wt% of SiO2 only reached 30 % of monoclinic content, for the same period 

of the time exposed to the degradation environment. In terms of ageing kinetics of the doped 

zirconia appears to be nearly constant with the time, being the result of a random 

transformation of grains, without inducing the transformations to neighbors [57]. 

Concerning the flexural strength parameter, a study of Nakamura et al. [56] reported that 

this mechanical property increases in doped samples (3YSZ doped with 0.2 mol% SiO2) 

when compared with the control sample of stabilized zirconia, for all three tested sintering 

temperatures (1400 ºC, 1450 ºC and 1500 ºC). The results of the flexural strength, after 50 

hours of the ageing tests, revealed that the samples doped with silica only weakened by 

less than 20 %, while the stabilized zirconia samples have damaged surfaces (weakened 

by 50 to 60 %). Significant differences in the flexural strength of doped zirconia samples 

when measured before and after the ageing time were not verified (Figure 17). 

After subjecting the sample to 40 hours of ageing, it was observed that the monoclinic 

formation rate was slower for the doped samples, both in surface and bulk. The thickness 

of the degraded layer was only 12 µm to doped samples while 36.7 µm for the un-doped 

samples, indicating that the doped sample had higher resistance to degradation than the 

un-doped YSZ samples.  

 

Figure 17. Results of flexural strength and monoclinic rate by zirconia doped with silica samples 
(S) and un-doped zirconia (Z) as a function of ageing time. Adapted from [56]. 
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2.4.5. Titania 

 

Titania has been tested as a dopant that can have a stabilizing effect in tetragonal 

zirconia, once that its addition leads to a decrease of cubic zirconia formed during the 

sintering stage and also lowers the sintering temperature [61]. Concerning Y-Ti-TZP, these 

systems have been developed in order to improve the resistance to low temperature ageing 

and destabilization of the tetragonal phase, while TiO2 additions have been mostly 

interesting in the improvement of the electrical properties of stabilized zirconia by reduction 

in the mobility of oxygen vacancies [61]. 

Hodgson et al. [61] reported that the addition of TiO2 causes no modifications in grain 

size or morphology of the samples, except in the samples sintered at temperatures above 

1650 ºC. From x-ray diffraction analysis, the samples showed the presence of tetragonal, 

cubic and monoclinic zirconia phase. The presence of titania (0 -1 wt%) causes small 

modifications in the phase composition of the sintered material. It was observed a notably 

increase in the tetragonal zirconia content and a corresponding decrease in the amount of 

cubic phase formed during the sintering, being this difference more significant with the 

increase of the sintering temperature (1650 ºC). The mechanical properties of the Y-TZP 

un-doped samples and titania doped samples in relation to sintering temperature were 

studied (Figure 18). In relation to hardness, a decrease associated with the addition of TiO2 

at lower sintering temperatures occurs which is related with lower densities achieved for 

these samples. Although for sintering temperatures above 1650 ºC this difference becomes 

insignificant. However, a small increase in fracture toughness with the addition of titanium 

oxide is observed, which can be associated to the stability of tetragonal phase present in 

the microstructure promoting the transformation toughening mechanism [61]. 

In the studies of Zhao et al. [62] with TiO2 doped yttria stabilized zirconia, it was 

reported that no monoclinic phase were detected through X-ray diffraction and Raman 

spectra after being exposed to tests at longtime hydrothermal ageing. In that work, the 

mechanical properties were also investigated. The Vickers hardness showed no higher 

variations while the fracture toughness was significantly enhanced by the addition of 

titanium oxide. 
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Figure 18. Vickers hardness and fracture toughness as a function of sintered temperature of the 
un-doped and TiO2 doped samples. Results presented by Hodgson et al. [61]. 

 

2.4.6. Copper Oxide 

 

This transition metal oxide has been used to densify at considerable low 

temperatures, to enhance mechanical properties, to suppress grain growth and to enhance 

ageing resistance in Y-TZP [63]. It has been reported that the bulk density and fracture 

toughness of copper oxide doped yttria stabilized zirconia improves when compared to 

those of the un-doped samples [64]. 

In a study of Ramesh et al. [64], copper oxide (0.05, 0.1 and 0.2 wt%) were added to 

2.5 mol% of yttria stabilized zirconia. In this study all samples were submitted at the same 

sintering temperature (1300 ºC), identified as the optimum temperature for this composition. 

After sintering, it was demonstrated that all samples had a tetragonal zirconia structure, and 

grinding and polishing did not modify the tetragonal phase. So, the addition of copper oxide 

was beneficial to enhance the densification of zirconia samples [64]. 

In terms of ageing resistance, the un-doped yttria stabilized zirconia presents poor 

resistance to degradation when compared to the 0.05 wt% copper oxide doped Y-TZP 

(Figure 19). The samples doped with 0.05 wt% CuO presents the best ageing resistance 

because less than 40 % monoclinic content was obtained after being submitted to 200 hours 

of exposure tests [64]. 
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Figure 19. Effects of copper oxide additions on the ageing resistance behaviour (180 ºC and 10 

bar) in zirconia. Adapted from [64]. 

The un-doped samples shows a catastrophic effect of Low Temperature Degradation, 

causing severe micro-cracks within the sample, as represented in Figure 20 [64]. 

 

Figure 20. Optical micrograph representation revealing catastrophic micro-cracking of a polished 
cross section area of un-doped zirconia due to monoclinic phase formation after exposure for 24 

hours (180 ºC and 10 bar). Adapted from [64]. 

At the level of bulk density, the best results were achieved for the composition of 0.05 

wt% copper oxide doped YSZ, significantly higher than that for un-doped zirconia samples. 

All doped samples showed higher bulk density than 6 mg/m3, as shown in Figure 21 [64]. 

 

Figure 21. The effect of bulk density with the ageing time. Adapted from [64]. 
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This oxide increases the transformability of zirconia, which explains the enhanced 

mechanical properties. Although, the monoclinic content may be a concern in the addition 

of copper oxide, since this phase could lead to the degradation of the zirconia ceramic. For 

this reason, the amount of this oxide should be carefully selected in order to obtain the 

enhanced mechanical properties without affecting the ageing resistance [64]. 

The un-doped zirconia samples present the poorest corrosion resistance, which can 

be due to attack near grain boundary regions causing the destabilization of the tetragonal 

phase and thus inducing the phase transformation. Other possibility is related with ageing 

resistance, in which hydroxyl groups react with yttria along grain boundary regions causing 

the formation of Y-OH bonds. For this reason, the copper oxide doped yttria stabilized 

zirconia sample presents an enhanced corrosion resistance due to grain boundaries 

preventing the OH group reaction with Y [64]. 

The samples that achieved the less monoclinic layer propagation were the 0.05 wt% 

CuO doped Y-TZP, achieving a very thin layer (4 µm) in relation to 740 µm thickness in the 

case of un-doped zirconia [64]. 

 

2.4.7. Ytterbia 

 

The inclusion of ytterbia has been reported to increase the mechanical properties and 

stability of the tetragonal zirconia phase. In a study of Kan et al. [65] the effect of adding 

different amounts of Yb2O3 (1, 2, 3 and 4 mol%) to 1 mol% Yttria Stabilized Zirconia was 

analyzed. The bulk density increases linearly with the addition of Yb2O3 and with a sintering 

temperature reaching full density at 1450 ºC. In order to know which phase was present for 

1 mol% Y2O3 stabilized zirconia with different contents of Yb2O3 at diverse sintering 

conditions (1400 ºC/1hour, 1450 ºC/1hour and 1450 ºC/4hours) a XRD analysis was 

realized (Figure 22). In general, only tetragonal or tetragonal plus cubic phases are present, 

except for the composition of 1 mol% Yb2O3 sintered at 1450 ºC during 4 hours where small 

amounts of monoclinic zirconia were observed [65]. Regarding the referred work [65], the 

fully polycrystalline tetragonal zirconia phase was achieved by an amount of 1 mol% Yttria 

Stabilized Zirconia with 1 and 2 mol% Yb2O3. In other hand, the fully stabilized cubic zirconia 

phase was obtained with 4 mol% Yb2O3 [65]. 
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Figure 22. XRD analysis of polished Yb2O3 and Y2O3 stabilized zirconia sintered under different 

conditions: (a) 1400 ºC/1hour; (b) 1450 ºC/1 hour and (c) 1450 ºC/4 hours. Adapted from [65]. 

The mechanical properties of the ceramics with different grades of ytterbia, sintered 

at different conditions as a function of the ytterbia content was analyzed (Figure 23). It was 

verified that the Vickers hardness increases with the increase of Yb2O3 and it decreases 

with a longer sintering time at 1450 ºC, which is a consequence of grain growth and of the 

increase of cubic zirconia content. The composition of 1 mol% Yb2O3 sintered at 1450 ºC 

for 4 hours exhibit a lower hardness resulting in the transformability of the tetragonal grains 

to monoclinic and the presence of micro-cracks. This study confirms that the fracture 

toughness decreases with the increase of ytterbia amount, being more predominant upon 

increasing from 1 mol% to 2 mol% of Yb2O3. An excellent value of mechanical properties 

was achieved with the composition of 1 mol% Y2O3 and 1 mol% Yb2O3 sintered at 1450 ºC 

during 1 hour, with a fracture toughness of 8.5 MPa.m1/2 and hardness of 12 GPa [65]. 

 

Figure 23. Mechanical properties of the different ceramic grades, sintered at different conditions as 
a function of the Yb2O3 content: (a) Vickers hardness and (b) fracture toughness. Adapted from 

[65]. 

 

2.4.8. Pentavalent Oxides 

 

The addition of pentavalent oxides, such as niobium oxide (Nb2O5) and tantalum oxide 

(Ta2O5), has been tested with Yttria Stabilized Zirconia. The alloys of these pentavalent 
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oxides present lower number of cations coordinated to oxygen ions, leading to an increase 

in the stability of the tetragonal phase of zirconia [66]. 

Through the addition of these oxides the samples showed a tendency to increase the 

bulk density, and consequently the decrease of porosity in the bulk material. In fact, with 

this increased of density, the mechanical properties of yttria stabilized zirconia are 

enhanced. It was reported that the Vickers Hardness, fracture toughness and flexural 

strength increased with the addition of these oxides in Y-TZP [67]. In particular, through the 

addition of either Nb2O5 or Ta2O5 the problem of ageing can be compensated [66]. 

According to Zhao et al. [68], the addition of niobium into Yttria Stabilized Zirconia 

causes destabilization of the tetragonal zirconia phase and leads to the appearance of small 

amounts of monoclinic zirconia. Similar results can be observed with the addition of 

tantalum dopants. Moreover, with the increase of the amount of both dopants the 

transformability of zirconia also increases, resulting in a decrease of the tetragonal phase, 

increasing the metastable phase in the material. This phenomenon can be due to the 

addition of the dopants into zirconia causing the extinction of oxygen vacancies and 

consequently overcrowding of the oxygen in tetragonal zirconia, leading to an increase of 

strain in the tetragonal structure. The addition of these dopants increases the 

transformability of zirconia, being responsible for the enhanced mechanical properties. 

Nevertheless, the presence of monoclinic phase in zirconia is a concern, since this 

transformability phenomenon leads to premature degradation of the ceramic [68]. 

In order to obtain enhanced mechanical properties without affecting the ageing 

resistance it is crucial to carefully select the amount of these pentavalent oxides. 

Cho et al.[66] reported that zirconia stabilizers niobium (Nb2O5) and tantalum (Ta2O5) 

are not toxic to cells and when added to Yttria Stabilized Zirconia both are considered 

biocompatible materials. Several studies have reported that Nb2O5and Ta2O5 have a good 

biocompatibility and are viable for their applications as biomaterials [69], [70]. Niobium oxide 

has demonstrated a short and long term biocompatibility, and this material provides 

mechanical strength to other materials (Titanium alloy) [71]. It was reported that the samples 

of Nb2O5 presented cell proliferation, mitochondrial activity and cell volume similar or 

superior to that of titanium and stainless steel samples, respectively. Tantalum oxide 

material has gained interest for orthopedic implant applications due to its osteoinductive 

properties [72] and the fact that this materials are to be used as a porous trabecular-like 

structure for hard tissue generation [73].  

Table 4 present the summarized researched dopants for zirconia, alongside with the 

produced effects on both mechanical properties and ageing resistance. 
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Table 4. Dopants added to zirconia. 

Dopant Composition 

Fracture 
Toughness 

(MPa.m1/2) 

Hardness 

(HV) 

Flexural 
Strength 

(MPa) 

Ageing 
Resistance 

Obs. 

Ceria 

YSZ (3 mol% yttria) 
+ 0.5 wt% CeO2 

[47] 

6.4 1346 - - 

Density 
decrease at 

higher sintering 
temperature 

Manganese 

Oxide 

YSZ (3 mol% yttria) 
+ 0.05-1 wt% MnO2 

[51] 
5-7.1 1366 -1397 - 

Increase with 
the amount of 

MnO2 

At lower sintering 
temperature the 

bulk density 
increases 

YSZ (8 mol% yttria) 
+ 1- 5 wt% MnO2 

[52] 
- 1400 – 1800 200 – 235 

High 
tetragonal 
zirconia 
retention 

 

 Lanthana 

YSZ (3mol% yttria) 
+ 0.2 mol% La2O3 + 

0.25 mol% Al2O3 

[55] 

6.02 1331 690 

Ageing 
resistance 

increase until 
0.4 mol% 

La2O3 

Hydrothermal 
stability and 
mechanical 

properties similar 
to a control 

product 

YSZ (3mol% yttria) 
+ 0.1 wt% Al2O3 + 

0.1 wt% La2O3 

[53] 

5.7  1305 - 

Enhance 
protection 

against 
ageing 

Was not 
observed 

considerable 
modifications on 

mechanical 
properties 

Silica 

YSZ (3mol%yttria) 
+ 0.25 wt% SiO2 + 

0.25 wt% Al2O3 

[60] 

4.6  1489 1244 
Significantly 

improved 
resistance 

Does not affect 
the density, grain 

size and 
mechanical 
properties 

Titania 

YSZ (8 wt% yttria) 
+ 4-16 wt% TiO2 

[62] 

2.28-3.23 1002 - 1039 - - 

Increase fracture 
toughness at 

lower sintering 
temperature 

Copper 
oxide 

YSZ (2.5 mol% 
yttria) + 0.05 wt% 

CuO 

[64] 

- 1122 - 

Ageing 
resistance is 

better for 
0.05 mol% of 

CuO 

The density 
slightly 

decreases with 
addition of CuO 

Ytterbia 

YSZ (1 mol% yttria) 
+ 1.0-2.0 mol% 

Yb2O3 

[65] 

8.5 1224 - 

Ageing 
resistance 

increase with 
Yb2O3 (1.0-
2.0 wt% ) 

Bulk density 
increase with 

amount of Yb2O3 

Niobia  

YSZ (3 mol% yttria) 
+ 0.05-1 wt% 

Nb2O5 

[74] 

7.01 – 7.13 1346 – 1356 - 

Increase with 
Nb2O5 
content 

sintered  at 
1500 ºC 

With increase of 
sintering 

temperature the 
density 

decreases 
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2.5. Biological Behaviour 

 

Biocompatibility of a material has been defined as the ability of the material to perform 

an appropriated host response without causing any undesirable local or systemic effects in 

a specific body application [75]. Reaction of bone, soft collagenous tissues and blood are 

involved in the host response to ceramic implant. Thus, interfacial reaction between these 

materials and body tissue both in vitro and in vivo must be considered in order to evaluate 

the biocompatibility of zirconia biomaterial. 

The biocompatibility of zirconia has been widely evaluated, since as already referred 

this ceramic is commonly used as a femoral ball head in total hip replacement and in the 

dental field. So, aspects like biocompatibility, intrinsic mechanical properties, before in vivo 

contact with soft tissue and blood must be strictly evaluated [1], [14].  

Curiously, the results of biocompatibility studies in zirconia were first obtained in vivo 

in 1969, and only after the results of in vitro were published in 1990 [1], [17]. In relation to 

in vitro tests, several authors concluded that zirconia has no cytotoxic effects in fibroblasts 

cells cultures, using different tests, as viability of cells and MTT assays (Figure 24) [1], [17]. 

Studies of in vitro tests demonstrated that zirconia does not elicit either mutagenic or 

transforming effects on fibroblasts [76].  

 

Figure 24. SEM image of fibroblast culture on zirconia (magnification 7400 x). Cells grown on all 
zirconia surface, covering it with a cellular layer. Adapted from [17]. 

In relation to dental area, according to several studies it was confirmed that the 

inflammatory infiltrate, micro-vessel density and vascular endothelial growth factor 

appeared higher around the titanium crowns samples than around the zirconia ones [14], 

[17]. At cellular proliferation, it has been verified that fewer bacteria accumulates around the 

tetragonal zirconia when compared with other material such as titanium [14], [17]. 

Warashina et al. [77], reported that zirconia induce less proinflammatory mediators (IL-1β, 

IL-6 and TNF-α) in comparison to titanium or polyethylene. Regarding biocompatibility of 
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this ceramic there is no evidence of cases of gingival inflammation or periodontitis [14]. 

According to Kobayashi E. et al. [78], zirconia and titanium dentistry implants do not inhibit 

the bone forming cells, osteoblasts, allowing the osseointegration process to occur.  

Therefore, these results suggest that zirconia may be a suitable material for 

manufacturing implant abutments with a low bacterial colonization capacity [14].  

In the presence of Yttria Stabilized Zirconia (Y2O3- ZrO2), Dion et al. [79]verified the 

cell viability and MTT assays of 3T3 fibroblasts and HUVEC. The conclusion was that this 

ceramic and its products have no toxic effects on culture cells and also when in contact with 

the blood cells. Satoh and Niwa [1], performed in vitro carciogeneticity and teratogeneticity 

tests regarding Yttria Stabilized Zirconia, and they observed that in both tests the results 

were negative. According to the results of genotoxicity tests, the absence of aberration in 

chromosomic patterns in cells culture on zirconia was noticed [1], [4], [76]. According to Li 

et al. [80], the release of yttrium ions in vitro tests was an indicator of material degradation. 

Nevertheless, it was verified that this effect was not reported in in vivo tests. 

Table 5 describes studies of in vitro culture of osteoblasts in zirconia substrates [81]. 
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In relation to in vivo tests, the biocompatibility of zirconia material was investigated by 

implanting in bone and in soft tissue. The first in vivo study, carried out by Helmer and 

Driskell [1], in which Yttria Stabilized Zirconia ceramic was implanted in a monkey’s femur, 

reported the absence of adverse tissue reaction. Various in vivo tests were executed using 

different species of animals, and it was observed, at a general level, the absence of any 

local or systemic adverse reaction nor carcinogenic effects after the implantation of zirconia 

ceramics into muscles or bones [1]. 

 

 

 

Table 5. Synthesis of cell culture studies involving zirconia substrates. Adapted from [81]. 

Reference Material Cell type Test Main conclusions 

Josset et al. 

Zirconia, 

Alumina, 

Glass 

Primary human 

osteoblast 

Cell proliferation; 

Total protein synthesis; 

Cell morphology; 

Evidence of osteoblastic 

proteins; 

Carcinogenicity (DNA image 

cytometry Ag-NORs 

quantification). 

No adverse 

response 

Carinci et al. Zirconia 
Osteoblast cells 

(MG63 cells) 

Gene expression analysis 

(DNA microarray). 

Modulation of 

immunity, vesicular 

transport, and cell 

regulation. 

Hao et al. 
Zirconia* 

(MgO-PSZ) 

Human fetal 

osteoblast cells 

(hFOB 1.19) 

Surface analysis; 

Cell proliferation; 

Cell adhesion. 

Increase of cell 

attachment and 

spreading by 

surface treatment. 

Hao et al. 
Zirconia* 

(Y-PSZ) 

Human fetal 

osteoblast cells 

(hFOB 1.19) 

Surface analysis; 

Cell adhesion. 

Increase of cell 

attachment by 

surface treatment. 

Bächle et al. 
Zirconia 

(Y-TZP) 

Osteoblast cells 

(CAL72 cells) 

Cell proliferation; 

Cell morphology; 

Cell-covered surface area. 

No adverse 

response 

Similar cell 

proliferation of 

different substrates. 

*Carbon dioxide laser irradiation.  

Ag-NOR, argyrophilic nuclear organizer region; MgO-PSZ, magnesia partially stabilizer zirconia.  
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2.6. Applications of Zirconia 

 

Zirconia ceramic exhibits advantages over other ceramic materials due to its higher 

mechanical strength and fracture toughness. It can be used for functional as well as 

structural applications. Nowadays, zirconia has been proposed for clinical applications like 

arthroplasty and dental devices, where they are mainly applied as replacements for hip, 

knee and teeth. It presents a reduced wear rate and excellent long-term biocompatibility, 

that can increase the longevity of the prosthetic joints, being this feature clinically important 

for replacements (especially for hip and knee) because it is increasingly applied in young 

and active patients [3]. Zirconia has benefic ceramic properties offering diverse possibilities 

for technological applications such as sensors, solid oxide fuel cells (SOFC) and thermal 

barrier coatings (TBCs).  

These applications are reported, alongside with benefits and restrictions of this 

ceramic on these applications respectively. 

 

2.6.1. Body Implants 

 

Currently, biomedical implants are being widely used to restore a body function that 

has been deteriorated by a disease or a trauma. A ceramic implant has to resist wear and 

cyclic fatigue for several million cycles under high loads. Furthermore it has to be 

biocompatible and chemically inert (both mandatory requirements) for ten years in vivo [8]. 

The increase of the lifetime durability of the in vivo arthroplasty procedure is a crucial 

step for the advancement of the human beings quality of life. Actually, the lifetime of artificial 

hip joint usually ranges from 12 to 15 years [82]. Nevertheless, due to the improvement of 

these bioceramics through the past years it is expected that the lifetime of biomedical 

devices reaches the 20 years [83]. 

The lifetime performance of zirconia orthopedic prosthetics and dental devices can be 

lead to undesirable implications on quality of human life, due to the consequences related 

with ageing process. In fact, these biomedical implants are subjected to constant wear, 

leading to the appearance of debris, this factor being a major issue, since debris leads to 

relevant health problems, such as aseptic loosening, periprosthetic osteolysis [82], reduce 

the expression of type I collagen [84], osteocalcin, alkaline phosphatase and osteopontin 

by osteoblasts [85]. The extension of micro-cracks will also generate defects on transformed 

zone (tetragonal to monoclinic transformation), due to defects generated in stressed regions 

of the implant which may grow with the transformed zone until a threshold size that slows 
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down the crack propagation to proceed, leading to consequential implant failure as is 

schematically described in Figure 25.  

 

Figure 25. Illustration of aseptic loosening triggered by ageing process of zirconia implant (ball 
head). (a) Plot of monoclinic fraction zirconia and wear rate vs time (years), (b) scheme of a 

polyethylene (PE) cup-zirconia ball head after a few years in vivo. Adapted from [7]. 

After the early decrease of wear rate due to polyethylene (PE) polishing by the femoral 

head, a significant increase in wear rate occurs, that is correlated with the increase in 

monoclinic content and roughness of the ball head that appear throughout ageing 

mechanism [7], [86]. Hence, the zirconia grain pullout in the bearing region and polyethylene 

debris may lead to the appearance of premature osteolysis [7]. 

Therefore, in order to overcome the problem of wear, nanosized particles (alumina, 

zirconia) have been used. In 1970, alumina become the most widely used ceramic in total 

hip arthroplasty, however this ceramic presented a higher fracture toughness [87]. To 

overcome this brittleness, and the consequent potential failure presented by alumina 

ceramics, in 1990 zirconia was introduced in the field of orthopedics [1], [8]. Zirconia 

implants allows a great corrosion resistance, due to the ion in vivo release which is 

significantly smaller in comparison to metallic biomaterials. Metallic prosthetics materials 
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are more prone to corrosion, thus releasing ions, leading to adverse reaction in the 

surrounding tissue of the patient [53]. 

In 1997, the U.S Food and Drug Administration (FDA) announced that the standard 

steam sterilization procedure (134 ºC, 2 bars) led to the occurrence of surface roughening 

of temporal head implants and consequently degradation of the material, being the origin of 

failures due to an accelerated Low Temperature Degradation (LTD) of zirconia [4], [8]. Since 

then, the LTD degradation has a critical role in zirconia implants. So, diverse studies were 

done with zirconia implants, demonstrating that even the implants processed under the best 

conditions could present a certain degree of degradation in vivo. Depending on analyses of 

the results, it was verified that the extent of degradation ranged from roughening (due to 

surface uplifts), hardness decrease (due to micro-cracking) to failure (slow crack growth), 

represented in Figure 26 [8]. 

 

Figure 26. Example of representation of reconstitution of the fractured ball head stabilized with 3% 
mole of yttria. a) Top view and b) lateral view. Adapted from [10]. 

The increase in wear rate caused by the tetragonal to monoclinic phase surface 

transformation of the zirconia femoral heads, related with roughness, became critical due 

to the biological interaction with small particles resulting in wear debris. The wear particles 

created at the contact surfaces penetrate the periprosthetic tissues triggering a macrophage 

reaction and leading to osteolysis and eventual loosening of the prosthesis and thus, an 

eventual need for replacement of the implant [8]. 

 

2.6.2. Dental Applications 

 

The success of zirconia in orthopedic implants encouraged the development of 

applications in the dental area. Over the last decade, new dental ceramic materials (like 

glass ceramics, polycrystalline alumina and zirconia ceramics) with the aid of the new 

processing technology (computer-assisted fabrication systems (CAD/CAM)) have been 
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successfully introduced in the dental area. Due to the diversity of dental materials it is 

possible to produce dental prostheses such as crowns, fixed dental prostheses (FDPs), 

abutments and removable dental prostheses [8], [16], [81]. 

Nowadays, titanium and titanium alloys are the materials usually used in implant 

manufacturing and became the most used material for tooth replacement in dental 

implantology. These materials present excellent biocompatibility and favorable mechanical 

properties [88], [89]. The main disadvantage of titanium utilization is associated with esthetic 

problems, since this material presents dark grayish color [90]. It was described that galvanic 

side effects were noted after this material become in contact with saliva and fluoride [90]. 

Even though allergic reactions to titanium are very rare, cellular sensitization has been 

reported [90]. Due to these disadvantages, the application of others materials was crucial 

to dental field. Alumina ceramic was used to prepare ceramic crowns, however this ceramic 

showed failures in the preparation of post crown and implanting abutments, in consequence 

of its poor bending strength and wear resistance [91]. In general, ceramics are sensitive to 

shear and tensile loading, and its surface can lead to premature fracture. The introduction 

of high strength zirconia ceramics as restorative dental materials has created interest in the 

dental community [41]. The increased worldwide acceptance and interest in using the 

zirconia ceramic in abutment implants is especially due to aesthetic reasons. They cause a 

good color response when translucent, metal free restorations are possible and in case of 

soft tissue recession no metal is exposed. Another interesting characteristic of zirconia 

abutments is that it avoids the grayish color that appears in the titanium abutments through 

the soft tissues [11]. In addition, ceramics particles induces less inflammatory response and 

bone resorption than titanium particles [77], [92]. 

Zirconia restorations exhibit superior fracture resistance when compared to other 

materials as was verified by Luthy [17], which reported that zirconia restorations presents 

755 N of measured load bearing capacities, followed by alumina with 518 N and ceramic 

reinforced with lithium disilicate with 282 N. In comparison to alumina, the enhanced 

strength of zirconia can be associated to microstructural differences, such as higher density, 

smaller particle size and polymorphic mechanism against flaw propagation [81]. Yttria 

Stabilized Zirconia (YSZ) provides advantages for dental implants in terms of mechanical 

properties, namely, higher fracture resistance and higher flexural strength, when compared 

to aluminum oxide [93]. 

While other ceramics only allow the construction of structures that are resistant to 

chewing stresses on anterior teeth, the zirconia FPDs demonstrates the capacity to be also 

applied in molars. Zirconia restorations have been applied in FPDs supported by teeth or 
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implants. Due to mechanical reliability of zirconia ceramic it is possible to realize single tooth 

restorations and fixed partial dentures with a single bridge element on both anterior and 

posterior elements. Albrektsson et al. [94] reported that the quality of the implant surface is 

one major factor that influences wound healing at the implantation site and consequently 

affects the osseointegration process. Hence, diverse chemical and physical surface 

modifications have been developed in order to improve the osseous healing [88]. Smooth 

implant surfaces are not favorable for osseointegration process due to poor interaction with 

tissues [90]. 

Zirconia ceramic has been considered a suitable dental implant due to its mechanical 

properties, biocompatibility and its toothlike color [88]. In order to obtain excellent aesthetic 

results some physical characteristics of zirconia should be considered, because zirconia 

not only has a color similar to the teeth but a crucial factor is that this material is opaque 

[17], [95]. This opacity is an advantage because when a dischromic tooth or metal must be 

covered, the utilization of zirconia core allows occult this unfavorable aspect, as is showed 

in Figure 27 [17], [90]. 

 
Figure 27. a) Intraoral view of prepared discolored non-vital teeth and of the soft tissue 

morphology; b) Intraoral view of try in of zirconia frameworks on the opacity of the zirconia 

framework masks the dischromic abutment on the left second premolar. Adapted from [17]. 

One fragility of zirconia is the core-veneer interface, which can result in ceramic 

chipping or cracking. The factors that can influence veneer cracking are several, such as 

differences in thermal expansion coefficients between core and ceramic, firing shrinkage of 

ceramic, flaws on veneering and poor wetting by veneering on core. So, nowadays, in order 

to minimize these aspects unfavorable, special ceramics were developed. After veneering 

and finishing, cementation occurs as represented in Figure 28 [17]. 
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Figure 28. Cemented zirconia-ceramic restorations on left second premolar and first molar. 

Adapted from [17]. 

In terms of ageing of zirconia, this can have prejudicial effects on its mechanical 

properties, where the mechanical stress and moisture environment can accelerate this 

process of ageing [95]. Through in vitro tests, it was observed that the ageing reduces the 

mechanical characteristics of zirconia ceramics, however the decreasing of the mechanical 

properties are still into clinical acceptable values, which makes this material promising for 

dental restorations [95]. 

In a study of Butz et al. [17],diverse characteristics were analyzed, like the survival 

rate, the facture strength and the failure mode of this type of abutment, and it was verified 

that after a chewing simulation and fracture loading, zirconia abutments tend to behave like 

those of titanium (281 N versus 305 N). 

According Scarano et al. [17], the bacterial adhesion to zirconia is not very significant, 

being observed that a degree of coverage bacteria from 12.1 % in zirconia to 19.3 % in 

titanium occurred. These results were analyzed through an in vivo study, confirming that 

zirconia accumulated fewer bacteria in comparison with titanium in terms of the total number 

of bacteria and by the presence of pathogens (Rimondini et al. [96]). 

Through clinical studies published [17] to date it is referred that zirconium oxide 

restorations can be considered reliable for clinic use because this material demonstrates a 

good tolerance and resistance. However, more biological and mechanical studies are 

necessary for a total understanding of the behaviour of zirconia in a long time period. In 

order to indicate the zirconia as a suitable material for prosthetic restorative ceramic it is 

crucial to evaluate the ceramic bonding, ageing and wear zirconia abutment. 
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2.6.3. Solid Oxide Fuel Cells (SOFC) 

 

The use of Yttria Stabilized Zirconia (YSZ) materials in applications as an ionic 

electrolyte in solid oxide fuel cells (SOFC) and sensors (like oxygen sensors) technology 

has been create a great interest [8]. 

SOFCs offer many advantages over traditional energy conversion systems including 

a clean, quiet operation and low pollution technology, i.e., emit very low levels of emissions 

of CO2, CO, NOX and SOx to generate electricity at high efficiencies [97], [98]. SOFC system, 

water is generated as a result of the electrochemical reaction [8]. These fuel cells are useful 

in large and high power applications, such as in electricity generating stations at large-scale. 

In recent years, the most studied SOFCs system are based in YSZ, because of its 

chemical stability, low thermal conductivity, high ionic conductivity and mechanical strength 

[8]. In the majority of instances, the zirconia ceramic is used in its cubic crystalline form and 

at high temperatures in order to maximize the ionic conductivity. Commonly, zirconia is 

stabilized with a high concentration of yttria (typically 8 mol% of yttria (8YSZ)) [8]. SOFC 

systems based in YSZ normally operate at high temperature (usually above 600 ºC). Under 

such operating conditions, with both temperature and concentration of stabilizer sufficiently 

higher, transformation and ageing phenomenon of zirconia are not a problem [99], [8]. 

There are two situations where the degradation of the zirconia fuel cells may occur 

under restrictive conditions. One of the situations is due to the utilization of zirconia with 

lower concentration of yttria, with the purpose of achieve superior fracture toughness. Even 

though the highest ionic conductivity is achieved by cubic zirconia, inferior fracture 

toughness properties are obtained. For this reason, some studies have been done to 

understand the behaviour of tetragonal zirconia with a concentration of 7.6 mol% fraction of 

yttria as an alternative. As these compositions are metastable, they are susceptible to phase 

transformation, that will depend if the operating temperature of the fuel cell is above or 

below of the T0 (tetragonal to monoclinic transformation) temperature for the chosen yttria 

concentration. The second situation refers to the development of thinner zirconia 

electrolytes produced by deposition processes (like sputtering), where these thinner 

electrolytes show lower impedance resulting on lower cell operating temperatures and some 

reduced problems related with metal electrode oxidation [8]. It has been demonstrated that 

the peak of ionic conductivity occurs in thin sputtering zirconia films at 6.5 mol% of YSZ 

rather than 8 mol% Y2O3. As with the other studies, the crucial issue is whether the operating 

temperature is below the pertinent T0 (tetragonal to monoclinic transformation) temperature 

[8]. 
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2.6.4. Thermal Barrier Coating (TBCs) 

 

Zirconia has also been applied as thermal barrier coatings (TBCs) due to its 

characteristics such as its high melting temperature (2700 ºC), its excellent low thermal 

conductivity (2 W/mK) and the ability to be plasma sprayed on complex shapes like blades 

[8]. The function of a TBC is to provide thermal protection to metallic engine components 

with a thermal gradient, enabling them to be used with other hotter gases for long periods 

of time [8], [100]. The main applications of TBCs involves the protection of gas turbine 

blades, vanes, combustors for both aerospace and power generation turbines, cylinders of 

diesel engines and other applications that involves high temperature insulation [8]. The 

utilization of TBCs have improved the fuel efficiency and also facilitated the increase in 

turbine inlet temperatures. 

The selected composition was 4 mol% of Yttria Stabilized Zirconia (4 YSZ) due to 

performed tests after introducing TBCs into gas turbine jet engines. According to recent 

works [8] it was reported that this metastable composition presents the highest fracture 

toughness which can be associated with ferroelastic toughening. Through deposition by 

plasma spraying or electron beam physical vapor deposition, the 4YSZ TBCs are retained 

in metastable tetragonal zirconia phase material [8], [100]. 

It has been verified that at high temperatures a slow separation of metastable zirconia 

into two phases occurs, tetragonal and cubic phase, which presents equilibrium 

compositions depending on the temperature. When 5 mol% of Yttria Stabilized Zirconia (5 

YSZ) is submitted to a high temperature for longer periods of time, as for example after 350 

hours at 1425 ºC, it occurs the separation in equilibrium conditions of the tetragonal and 

cubic phases. These phases can be cooled until room temperature without occurring the 

transformation to monoclinic phase. Although, when the coating is performed at an 

intermediate temperature in air, a fraction of the zirconia is transformed into monoclinic 

phase, being this transformation related with the phenomenon of ageing of the sintered 

ceramics. This suggests that there is a relation between the size of grains of tetragonal 

region and its susceptibility to transformations [8]. 
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3. Experimental Procedure 
 

This chapter summarizes and describes the materials and experimental work 

developed. The experimental work that was done can be divided in four main parts: 

- production and characterization of the 2 mol% Yttria Stabilized Zirconia (2YSZ) 

doped with different oxides by spray-drying; 

- pressing and sintering in a laboratory furnace of the doped 2YSZ samples; 

- thermal ageing tests and implementation of mechanical tests (fracture toughness) 

on the sintered pieces; 

- selection of the doped 2YSZ samples with improved resistance to ageing and 

mechanical properties; 

- mechanical (Vickers hardness, fracture toughness and biaxial strength) and 

hydrothermal ageing resistance tests of the selected doped 2YSZ samples.  

The characterization techniques performed to the powders throughout the 

experimental work are detailed. The purpose of the utilizations of these characterization 

techniques was to characterize the produced materials in terms of their composition, 

microstructure, degradation and mechanical behaviour. From the raw materials up to the 

final characterization of the aged samples, several production and characterization 

techniques were applied. A general schematisation of the experimental work is displayed in 

Figure 29.  

 

Figure 29. Synopsis of the manufacture process and characterization of doped 2YSZ ceramic on 

present study. 
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3.1. Materials 

 

The commercialized 2 mol% Yttria Stabilized Zirconia (2YSZ, INNOVNANO) powder 

used in the experimental work presented a mean particle size of ~ 50 nm. Ceria, silica, 

alumina, lanthana, ytterbia and manganese oxides were used as dopants in order to 

improve the resistance to ageing and mechanical properties of 2YSZ samples.  

Ceria (Cerium (IV) Oxide, Sigma Aldrich, > 99.95 %) with a mean particle size of less 

than 50 nm; Silica (Silicon Dioxide, Sigma Aldrich, 99.5 %), with mean particle size of 10-

20 nm; Alumina (Aluminum Oxide, ABSCO Limited, Batch 11612, 99.99 %) provided by 

INNOVNANO, with mean particle size of ~50 nm; Ytterbia (Ytterbium (III) Oxide, Sigma 

Aldrich, ≥ 99.7 %), with mean particle size of less than 100 nm; Lanthana (Lanthanum (III) 

Oxide – for AAS, Sigma Aldrich, ≥ 99.9 %); and Manganese Oxide (Manganese Oxide (IV) 

Oxide, Sigma Aldrich, ~85 %), with mean particle size of less than 10 µm), were used as 

dopants to the produced suspensions of 2YSZ. 

In order to adjust the pH of the suspensions accordingly to the results obtained from 

the zeta potential measurements, NaOH (0.5 M and 1 M) and HCl (0.5 M) solutions were 

used.  

 

3.2. Preparation Methods 

 

Aqueous suspensions of 2YSZ were prepared according to the defined compositions 

using different dopants (ceria (CeO2), silica (SiO2), alumina (Al2O3), lanthana (La2O3), 

ytterbia (Yb2O3), and manganese oxide (MnO2)), represented in Table 6. According to the 

literature [45]-[59], [64], the selected dopants provide an enhanced stability of the tetragonal 

phase, resulting in an increased ageing resistance and/or mechanical properties of Yttria 

Stabilized Zirconia (YSZ). For each dopant added to 2YSZ three or four compositions were 

developed, being the selected amounts based in the results published in literature [45]-[59], 

[64]. 
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Table 6. Defined compositions for the 2YSZ doped with different oxides. 

Compositions 

C
e
O

2
 

2 mol% Yttria Stabilized Zirconia and 0.25 wt% of CeO2 

2 mol% Yttria Stabilized Zirconia and 0.5 wt% of CeO2 

2 mol% Yttria Stabilized Zirconia and 0.75 wt% of CeO2 

S
iO

2
 

2 mol% Yttria Stabilized Zirconia and 0.25 wt% of SiO2 

2 mol% Yttria Stabilized Zirconia, 0.25 wt% of SiO2 and 0.25 wt%Al2O3 

2 mol% Yttria Stabilized Zirconia, 0.25 wt% of SiO2 and 1.07 wt%La2O3 

Y
b

2
O

3
 

2 mol% Yttria Stabilized Zirconia and 13.12 wt% of Yb2O3 

2 mol% Yttria Stabilized Zirconia and 19.68 wt% of Yb2O3 

2 mol% Yttria Stabilized Zirconia and 26.24 wt% of Yb2O3 

M
n
O

2
 

2 mol% Yttria Stabilized Zirconia and 0.025 wt% of MnO2 

2 mol% Yttria Stabilized Zirconia and 0.05 wt% of MnO2 

2 mol% Yttria Stabilized Zirconia and 0.25 wt% of MnO2 

2 mol% Yttria Stabilized Zirconia and 0.75 wt% of MnO2 

 

3.2.1. Preparation of the Suspensions 

 

Before preparing the suspensions, zeta potential measurements were performed in 

order to determine the stability range of each material. The pH value was adjusted with the 

purpose to achieve a stabilized initial suspension for each composition.  

In order to control the particle size, the suspensions were submitted to a stage of ball 

milling. Ball milled doped 2YSZ were spray dried. The parameters of the spray drying were 

optimized in preliminary stages of this study. 

 

3.2.1.1. Zeta Potential 

 

The zeta potential of zirconia and dopant powders was measured in order to 

characterize the electrochemical equilibrium of the particles in suspension, in accordance 

to the stabilized suspension. 
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The magnitude of this parameter gives an indication of the stability of the colloidal 

system. If the particles in suspension present a large negative or positive potential they tend 

to separate and the suspension is stabilized. On the other hand, if the particles have a low 

zeta potential value, i.e., near zero (isoelectric point), they will be agglomerated [101]. At 

this point the suspension is highly unstable. To prevent agglomeration of the particles in the 

suspension, the adequate pH value of the medium was determined.  

This parameter was determined in a Zetasizer Nano ZS (Malvern Instruments), with 

a zetasizer nano series 6.00 software (Figure 30). This equipment analyses the mobility of 

the particles in a liquid medium when an electrical field is applied to the suspension. The 

velocity of the particles is proportional to their zeta potential. The velocity of the movement 

of the particles is measured by laser electrophoresis which allows to calculate the 

electrophoretic mobility (zeta potential) [102]. 

 

Figure 30. The measurements of zeta potential was performed on Zetasizer Nano ZS from 
Malvern, Available at the University of Aveiro. 

In order to ensure a constant ionic strength of all materials, a solution of KCl (10-3 M) 

was used as the dispersing medium. To adjust the pH value of the suspensions, HCl (0.001 

M - 0.1 M) and NaOH (0.001 M - 0.1 M) were added. Measurements of zeta potential were 

performed in the pH range of 2 to 11.  

 

3.2.1.2. Ball Milling 

 

In accordance with the amounts of zirconia and dopant powders defined for each 

composition (wt%), the aqueous suspensions were prepared. Preliminary tests allowed to 

adjust the spray drying conditions. For the compositions of doped 2YSZ the aqueous 

suspensions should have a solid content of 3 % with the objective of taking advantage of 

the maximum yield rate of the atomizer. 

The aqueous suspensions were submitted to a deagglomeration process with the aim 

to achieve a controlled size distribution of the powders. Distilled water was added to the 
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powders, on adequate proportion, on a micrometric bead mill at 3500 rpm for 15 minutes, 

Dispermat®- SL12-nano (VMA) (Figure 31). 

 

Figure 31. Micrometric bead mill Dispermat® SL12-nano, available at INNOVNANO. 

After milling of the powders the particle size distribution of the particles in aqueous 

medium was measured in a Mastersize 2000 (Malvern) (Figure 32). This process was 

important to verify if the particles were well deagglomerated. After obtaining the particle size 

distribution, the buckets containing the suspensions were stored, to be used in a spray 

drying equipment. 

 

Figure 32. Malvern Mastersizer 2000, available at INNOVNANO. 

 

3.2.2. Spray Drying Process 

 

Before submitting the suspension to the spray drying process, the pH of the 

suspensions was measured, under stirring, and adjusted with a NaOH solution (0.5 M and 

1 M) to achieve an appropriate value (approximately 10 - 11) defined from the zeta potential 

measurements. The several compositions of doped 2YSZ granules were then obtained on 

a laboratorial spray dryer, Büchi Mini Spray Dryer B-191, with a 73 µm nozzle (Figure 33-

(b)). 
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Spray drying is a technique based on the transformation of aqueous solutions or 

emulsions into a dry powder by atomization. This process became widely used in the 

chemical industry, in research, from pharmaceutical up to nanotechnology areas [103], 

[104]. The principle of this method consists in the evaporation of moisture from an atomized 

feed which occurs in a drying chamber, by mixing the droplets of the spray and the hot 

drying air. The contact between the droplets of the suspension and the intense heat causes 

the solvent in the droplets to evaporate, resulting into an efficient drying powder process. 

Figure 33 illustrates the spray drying process and the laboratorial equipment that was used.  

 

Figure 33. Spray drying process. (a): Representation schematics of the spray drying process from 
[105]; (b): Laboratorial Büchi Mini Spray-dryer B-191 available at the University of Aveiro. 

Regarding the final powders features, such as grain size, morphology and 

microstructure, this process can be controlled by changing some adjustable parameters 

such as the inlet and outlet temperature, the feed rate of the peristaltic pump, the flow rate 

of both spray and drying gases, and the nozzle diameter. The inlet temperature is 

understood as the temperature of the heated drying air and it is measured prior to the 

suspension flow into the drying chamber. The outlet temperature is the temperature of the 

air containing the solid particles outside the entrance of the cyclone. This last parameter is 

the result of the intense heat and mass transfer in the drying cylinder and it cannot be 

regulated but it is influenced by other parameters such as the peristaltic pump performance 

(feed rate), aspirator flow rate, and the concentration of the suspension being atomized. All 

these parameters can influence the residual moisture present in the product, the particle 

size and morphology, the yield rate of the process and the temperature load [106].  

In order to obtain the maximum yield of this process, the equipment was submitted to 

a set of optimization tests in order to adjust the operation (Table 7).  
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Table 7. Established parameters for Büchi Mini Spray-dryer B-191. 

Parameter Value 

Inlet Temperature (ºC) 170 ºC 

Outlet Temperature (ºC) ~90 ºC 

Aspirator Flow Rate (%) 95 % 

Pump Performance (%) 25 % 

The established parameters were followed and then the obtained powders were 

stored. In this study, the defined 2YSZ doped suspensions were spray-dried without the use 

of binders or any dopants.  

 

3.2.3. Processing of green and sintered bodies 

 

The spray dried powders were submitted to uniaxial cold pressing in a hydraulic 

press(Specac’s Laboratory Hydraulic Press), at 70 MPa (Figure 34), and cylindrical green 

bodies with approximately 2 cm of diameter were obtained.  

 

Figure 34. Specac’s Laboratory Hydraulic Press, available at INNOVNANO. 

The thermal ageing resistance and the fracture toughness of the samples have been 

evaluated and the best compositions were selected. After this selection, the obtained 

powders were submitted to uniaxial pressing (in the same conditions of the previous 

samples) and cold isostatic pressing (CIP).The uniaxially pressed bodies were subjected to 

CIP at 200 MPa, for ten minutes on a Wet Bag Cold Isostatic Press from Autoclave 

Engineers Press (available at University of Aveiro). Through this additional stage of 

pressing (CIP), an increase of the density of the green bodies was expected.  

The sintering temperature was selected from dilatometry results of the samples. The 

green bodies were sintered at 1350 ºC and 1400 ºC (only for ytterbia doped 2YSZ sample) 
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for three hours, performed in air, in a laboratory furnace (Termolab MLR, with a maximum 

operating temperature of 1700 ºC).A sintering cycle with a heating rate of 2 ºC/min and a 

cooling rate of 5 ºC/min was applied for all samples as schematic representation can be 

seen in Figure 35.  

 

Figure 35. Schematic representation of sintering cycle applied on samples: (A) all green doped 
samples except (B) samples 2YSZ doped with Yb2O3. 

 

3.3. Thermal ageing tests 

 

In order to evaluate the degradation behaviour of zirconia, the stability of its tetragonal 

phase under ageing conditions was analyzed by a thermal ageing test performed in a 

laboratory furnace available at INNOVNANO. As previously mentioned, the ageing of 

zirconia, also called as Low Temperature Degradation (LTD), is a process caused by the 

progressive spontaneous slow transformation of the tetragonal phase into the monoclinic 

phase in absence of any mechanical stress [4], [7], [8], [11]. Since this phenomenon starts 

from the surface of the zirconia, loss of density, reduction in strength and toughness are 

observed. The fracture toughness of Yttria Stabilized Zirconia (YSZ) is significantly 

decreased at low temperatures, due to the formation of micro-cracking accompanied with 

the tetragonal to monoclinic phase transformation on the surface of the sintered ceramics 

[107]–[109]. The most critical temperature range for ageing development is around 200 ºC 

to 300 ºC [110]–[112]. According to Masaki T. [113], when the ageing is performed at 

temperatures around 200 ºC, a thermodynamic contribution that promotes the 

enhancement of the content of monoclinic phase occurs. 

Before performing the ageing tests, the surface of the sintered pieces was polished. 

Firstly, a rough polishing with abrasives (MD-Piano #220, MD-Piano #1200) was performed 

and after that, a fine polishing was carried out using 9, 3 and 1 µm diamond paste. One 

piece of each composition was used to be tested at different times of degradation, being 

the samples exposed to a temperature of 200 ºC for 12 and 36 hours in a laboratory furnace 

at INNOVNANO, with both heating and cooling rates of 10 ⁰C/min. X-ray diffraction was 
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performed on each aged sample in different time stages and the phase quantification with 

DiffractPlus TOPAS software from Buker AXS was analyzed  

 

3.4. Mechanical tests 

 

Mechanical tests were performed in order to fully characterize the mechanical 

behaviour of the obtained sintered samples. Enhancement of the mechanical properties of 

2YSZ ceramic is important for its wide range of applications, as already mentioned. Three 

different parameters were measured, namely, biaxial flexural strength, Vickers hardness 

and fracture toughness. Each one of these mechanical parameters was measured using 

equipment at INNOVNANO (Figure 36, 37). 

 

3.4.1. Biaxial flexural strength 

 

Biaxial flexural strength or bending strength is an important analysis to take in 

consideration when working with these ceramics. This test consists in placing the sample 

between two coaxial rings of unequal diameter and applying a compressive force, allowing 

a determination of the maximum stress and deflection of the material before its fracture. 

The ISO 13356:2008 standard [13] imposes strict requirements for this parameter in terms 

of mechanical testing equipment (compressive load applied, calibration), preparation of test 

piece (test pieces must have circular shapes, the diameter and thickness of the test pieces 

must be measured before performing the mechanical test), the value for YSZ samples must 

be equal or greater than 500 MPa and a minimum of ten samples must be used. 

Before performing this test, the sintered pieces were submitted to a fine polishing on 

both surfaces. Ten pieces of each selected samples were subjected to this test. 

The flexural strength was determined by a 3-point test (piston-on-three-ball). The 

equipment used for this test was a Testing Machine Zwick/Roell Z020 (Universal Materials) 

as displayed in Figure 36. 
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Figure 36. Biaxial flexural strength equipment: Testing Machine Zwick/Roell Z020 from Universal 

Materials, available at INNOVNANO. 

For each selected composition of doped 2YSZ, the flexural values were obtained from 

five different measurements. Thereafter, the average value was calculated. 

 

3.4.2. Vickers Hardness 

 

The Vickers hardness test is one of the most used indentation hardness tests. 

Indentation hardness of a sample expresses its capacity to resist to deformation caused by 

a constant compression load from a sharp object (indenter). The Vickers hardness test 

utilizes a square-based diamond pyramid indenter with an angle of 136 º between the 

opposite faces at the vertex. This indenter is pressed against the surface of the test sample 

using a predefined force (F). This charge is maintained for 10 to 15 seconds. After the 

removal of the indenter, the diagonal lengths of the indentation are measured and the 

arithmetic mean is calculated. The Vickers hardness value (HV) is obtained by the equation 

(5),  

𝐻𝑉 =  
𝐹

𝐴𝑖𝑛𝑑
 (5) 

where 𝐹 corresponds to the applied force in kgf and 𝐴𝑖𝑛𝑑is the surface area (mm2) of the 

resulting indentation measured from the following equation, 

𝐴𝑖𝑛𝑑 = 
𝑑2

2𝑠𝑖𝑛 (
136°

2
)
 ≈  

𝑑2

1.8544
 (6) 

where 𝑑 represents the average length of the diagonal in millimetres resulting from the 

indentation. The Vickers Hardness (HV) can be calculated from the equation (7). 
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𝐻𝑉 =  
𝐹

𝐴𝑖𝑛𝑑
 ≈  

1.8544𝐹

𝑑2
 (7) 

Where HV value can be obtained by multiplying F by the standard gravity value (9.807 

m/s2) and by converting millimetres to meters (d (m)). 

The hardness of the sintered samples was characterized using the WIKI 100B system 

(Affri) with Affri Fully Automatic System software (Figure 37). The analysed surfaces of the 

selected doped 2YSZ samples were subjected to a fine polishing. Ten Vickers indentations 

were measured in different pieces and surface points of each sample, using a load value of 

9.806 N. For each indentation, the test force was applied during 15 seconds. The values of 

each analysis were obtained by software and then an average value was calculated from 

the referred ten different measurements. 

 

Figure 37. Vickers Hardness equipment: WIKI 100B Vickers Hardness Tester, available at 

INNOVNANO. 

 

3.4.3. Fracture Toughness 

 

The fracture toughness (KIC) of the compositions was measured using the method of 

crack indentation. Regarding the indentations left from the hardness tests, the determination 

of the fracture toughness was performed. When the crack is developed only at the corners 

of the indentation, it is designed by Palmqvist (type Pq). The fracture toughness values of 

the samples was calculated based on Niihara equation [114], commonly used for the 

determination of this mechanical parameter in zirconia ceramic. Equation (8) was used: 

3𝐾𝐼𝐶 = 0.035 (𝐻𝑎 
1

2) (
3𝐸

𝐻
)
0.4

(
𝑑

𝑎
)
−0.5

 (8) 
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where H represents the Vickers hardness, a (m) is half distance of indent diagonal, E (MPa) 

is the Young’s Modulus, and d (m) is the crack length. The value of the applied Young’s 

Modulus was 210 MPa [1]. 

In order to determine the values of the fracture toughness the samples were subjected 

to a fine polishing (9, 3 and 1 µm diamond paste). Five indentations were performed in 

different surface points of each initial sample and an average value was calculated and 

taken in consideration.  

The selected compositions were submitted to ten measurements and an average 

value of this parameter was calculated and selected. An optical microscopy was used in 

order to measure the crack length.  

 

3.5. Accelerated ageing test 

 

The selected doped 2YSZ compositions were submitted to ageing tests according to 

the International Standard ISO 13356:2008 [13], with the purpose of evaluating the stability 

of the tetragonal phase, when exposed to aggressive ageing conditions.  

The accelerated ageing tests were executed at CTCV Materials, Coimbra. The 

samples were placed in an autoclave where they were exposed to steam under specified 

conditions of temperature and pressure, i.e., 134 ± 2 ºC and 0.2 MPa. For this test, ten 

pieces of each selected samples were submitted to 5 hours of ageing as specified by the 

ISO standard [13]. Before submitting the samples to ageing tests, they were polished using 

a 9, 3 and 1 µm diamond paste on a Struers TegraPol-25 polishing machine available at 

INNOVNANO and afterwards, these same samples were thermal etched in air at a 

temperature 100 ºC lower than the sintering temperature during 30 minutes, with both 

heating and cooling rate of 10 ºC/min. 

 

3.6. Characterization Techniques 

 

The produced materials were fully characterized through several characterization 

techniques. Firstly, the powders of 2YSZ doped with different dopants obtained from spray 

drying were characterized. With the implementation of conformation, sintering, ageing 

resistance and mechanical properties, diverse characterization techniques were performed. 

Throughout this section, the most important details about the characterization techniques 

used during different stages of this experimental study are described. 
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3.6.1. Characterization of the spray dried powders 

 

Particle size distribution, content of crystalline phases, morphology, specific surface 

area, density, chemical compositions and thermal behaviour of the obtained spray dried 

powders were evaluated. 

 

3.6.1.1. Particle size distribution 

 

A Malvern Mastersizer 2000 (Figure 32) was used to measure the particle size 

distribution of the particles. This equipment uses laser diffraction to measure the size of the 

particles present in a well dispersed suspension. The intensity of the light scattered by the 

particles is determined considering a wide number of angles and converted to the size of 

the analysed particle through an algorithm of appropriate refraction model [115]. 

 

3.6.1.2. X-ray diffraction 

 

X-ray diffraction is a non-destructive technique crucial to characterize the materials, 

since it allows to identifying and quantifying their crystalline phases. Through this technique, 

other structural properties can be analysed, namely, the crystallite size, degree of 

crystallinity and lattice parameters [116]. The emission of a monochromatic X-Ray beam 

towards a sample material, with regularly spaced atoms, makes each atom to become a 

source of radiation. This phenomenon will cause constructive and destructive interference 

of the waves emitted by the atoms. A diffracted beam results from the constructive 

interferences, because only the constructive interference waves correspond to maximums 

of diffraction [117]. The condition of the constructive interference is obtained by Bragg’s 

Law (equation (7)). This law describes the phenomenon of X-ray diffraction, i.e., the relation 

between the diffraction angle and inter-planar spacing necessary to create constructive 

interfaces. The illustrative representation of this theory can be observed in Figure 38 – (a). 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (7) 

In equation (7), n corresponds to a whole number, i.e., it is the diffraction order (n = 

1,2,3 ...), λ is the wavelength of the incident radiation, 𝑑 is the inter-planar spacing for the 

set of planes hkl (Miller indices) of the crystal structure, and θ is the incident angle of the 

beam in the material [117]. By varying the diffraction angle (2θ) and measuring the diffracted 

beam intensity, a diffractogram can be obtained. In order to identify the sample structure, 
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the obtained diffractograms were compared with the Powder Diffraction Files (PDF files) 

from the International Centre for Diffraction Data (ICDD). 

The identification of the crystalline phases was determined by X-ray diffraction, on a 

Bruker D8 Advance X-ray diffractometer (XRD) with Cu Kα radiation (λ = 1.5406 Å) in the 

2θ range from 5 ° to 80 ° at room temperature (Figure 38 - (b)).  

The detected phases were thereafter quantified on DiffractPlus EVA software from 

Buker AXS, using the Rietveld refinement and matching with ICDD files. Rietveld refinement 

uses a least squares approach to refine a theoretical result until it corresponds to the 

measured profile. In order to analyse the amount of monoclinic and tetragonal zirconia 

phase, the DiffractPlus TOPAS software from Buker AXS was used.  

 

Figure 38. Illustrative representation of Bragg´s Law (a) (adapted from [61]) and the XRD 
equipment: Bruker D8 Advance X-ray diffractometer, available at INNOVNANO (b). 

 

3.6.1.3. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) can supply high resolution images of the 

surface of a sample at the nanometer scale. In order to obtain an image by SEM a highly 

energetic electron beam is emitted to the sample and several interactions can occur, such 

as absorption, reflection and emission of electrons [118]. SEM images are formed by the 

detection of secondary electrons emitted by the sample, which are detected by the 

equipment creating contrast and thus, an image is formed. 

The spray dried granules morphology was observed by SEM, on HITACHI S-4100 

microscope, available at University of Aveiro (Figure 39). The equipment presents an 

electron emission system tungsten filament with 25 kV of acceleration and 15 Å of maximum 

resolution. The powders were deposited on an aluminium sample holder, with carbon tape, 

and then covered by carbon thin film, on a EMITECH K950 carbon sputter equipment. 
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Figure 39. SEM used for observation of the spray dried granules morphology: HITACHI S-4100 
microscope, available at University of Aveiro. 

 

3.6.1.4. Specific surface area 

 

Specific surface area (SSA) is defined as the ratio 𝐴/𝑚 (m2/g) between the absolute 

surface area of a solid A and its mass, m. The SSA can be evaluated by a gas adsorption 

method, where a nonreactive gas (N2) is adsorbed on the particles surface at the 

temperature of the N2 boiling point (77 K), at a single or at multiple pressures. The amount 

of gas molecules required to cover the entire surface (external and the accessible internal 

pores surface) of a solid with a monomolecular layer is determined using the Brunauer-

Emmett-Teller (B.E.T.) adsorption isotherm method [119]. This monolayer capacity can be 

determined using equation (9) [120]. 

𝑃

𝑉𝑎(𝑃0 − 𝑃)
=
𝑐 − 1

𝑉𝑀𝑐
 × (

𝑃

𝑃0
) +

1

𝑉𝑀𝑐
 (9) 

P and P0 correspond respectively to the equilibrium and the saturation pressure of the 

gas at the temperature of adsorption, Va is the adsorbed gas volume, VM represents the 

volume of adsorbed gas monolayer and cis the B.E.T. constant that is associated to the 

enthalpy of adsorption of the adsorbed gas on the sample material.  

The adsorptive gas is only physically adsorbed by van der Waals forces, and it can 

be desorbed when a decrease of pressure occurs at the same temperature. 

The specific surface area of the commercial and of the doped 2YSZ powders were 

determined using the multipoint Brunauer-Emmett-Teller (B.E.T.) isotherm in a 

Quantachrome Nova 1000e Series System, with NovaWin software, available at 

INNOVNANO (Figure 40).  
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Figure 40. Specific surface area equipment: Nova 1000e Series System (Quantachrome) 
equipment, available at INNOVNANO. 

 

3.6.1.5. True density 

 

Gas pycnometers are the most commonly used equipments to determine the 

truedensity (or more specifically the volume) of the powders and bulk materials. The density 

is calculated using the measured drop in pressure when a determined amount of gas is 

allowed to expand into a chamber where the sample is contained. This parameter also 

excludes the presence of  any pore volume accesible to the gas, i.e., presents closed 

porosity in the measured volume. In this analysis, a known mass of powder is placed into a 

cell of known volume. Then, the gas is introduced into the cell (in vacuum) and occupies 

the entire volume of this cell that is not occupied by the sample. The volume of the sample 

is determined, and thus the true density of the sample powder can be obtained. Helium is 

the most used gas because it presents a high diffusivity, and therefore can penetrate the 

finest pores [121].  

The doped 2YSZ powder density was determined in vacuum using a AccuPyc II 1340 

pycnometer (Micromeritics) and helium as measurement gas, available at INNOVNANO 

(Figure 41). The results of the true density of each sample were obtained by the mean value 

of ten different cycles. 
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Figure 41. Helium pycnometer: Accupyc II 1340 picnometer from Micrometrics, available at 
INNOVNANO. 

 

3.6.1.6. X-ray Fluorescence 

 

X-ray fluorescence (XRF) is a technique that allows qualitative and quantitative 

elemental analysis of powder samples. It consists of an intense X-rays beam collision with 

an atom from the sample that will become unstable, producing an ejection of an electron 

from the low energy level. Then, this vacant space will be filled by an electron from a higher 

energy level. These changes in energy levels cause differences of energy resulting in the 

release of secondary X-rays, which are characteristic of the element and allows to perform 

the chemical composition analysis [122].  

XRF is an accurate method with fast acquisition of data, i.e., just few minutes, and it 

can be done in air (it does not demand a vacuum medium). Furthermore, it has the 

advantage of being a non-destructive technique and the samples to be analysed do not 

require any special preparation [123]. 

To evaluate the chemical composition of each sample a Buker-AXS S4 Pioneer X-ray 

Fluorescence with a rhodium X-ray source was used, being controlled by the SpectraPlus 

software, available in INNOVNANO (Figure 42).  

 

Figure 42. Equipment of X-ray Fluorescence Spectrometer (Bruker-AXS S4 Pioneer), available at 
INNOVNANO. 
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3.6.1.7. Thermal analysis - Dilatometry 

 

Dilatometry is a technique used for precise measurement of dimension changes in a 

sample throughout a specific temperature cycle, which allows the evaluation and selection 

of an adequate sintering cycle of the materials. Through this analysis, the information about 

the linear thermal expansion/shrinkage (𝑌=Δ𝐿/𝐿0) and respective shrinkage rate (𝑑𝑌/𝑑𝑡) as 

function of temperature (ºC) can be obtained.  

The dilatometric tests were realized on a vertical dilatometer Linseis L-75 Platinum 

Series in air (Figure 43) where the cylindrical powder compacts were nonisothermal sintered 

up to 1600 ºC with a constant heating rate of 2 ºC/min and a cooling rate was maintained 

constant at 10 ºC/min. 

 

Figure 43. Vertical dilatometer (Linseis L-75 Platinum Series), available at INNOVNANO. 

 

3.6.2. Characterization of the green and sintered bodies 

 

The conformation stage was performed after obtaining and characterizing the doped 

2YSZ powders. In the following section all the techniques used for the characterization of 

the green and sintered pieces throughout this study are indicated and described. 

 

3.6.2.1. Density measurement 

 

The density of the green pieces was geometrically measured and determined by the 

ratio between the weight and the geometric volume of the samples (geometric density), as 

expressed in equation (10),  
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𝐺𝐷 =  
𝑚

𝜋 (
𝑑

2
)
2
ℎ

 
(10) 

, where 𝑚, 𝑑 and ℎ correspond respectively to the mass, the diameter and the height of the 

sample. The green density of the selected doped 2YSZ samples was determined 

considering a mean value achieved from ten samples of each composition, pressed under 

the same conditions.  

The density of the sintered samples (final density, ρf) was determined by the 

Archimedes liquid immersion technique considering the equation (11), 

𝜌𝑓 = 
𝑚𝑑

𝑚𝑠 −𝑚𝑖
 ×  𝜌𝑙𝑖𝑞 (11) 

where 𝑚𝑑 corresponds to the mass of the dried sample, 𝑚𝑠 is the mass of the soaked 

sample, 𝑚𝑖 is the mass of the immersed sample and 𝜌𝑙𝑖𝑞 is the density of the immersion 

liquid. In this measurement, distilled water was used. The final correspondent density values 

of thirteen initial composition were determined by the average of five different samples for 

each tested composition. In the selected doped samples, the final density value was 

obtained using ten samples of each composition.  

 

3.6.2.2. X-ray diffraction 

 

To investigate the presence of monoclinic zirconia phase in the sintered pieces, X-ray 

diffraction was also performed, on Bruker D8 Advance X-ray diffractometer (INNOVNANO) 

with Cu Kα radiation (λ=1.5406 Å) under the same diffraction angle (2θ) range as described 

in section 3.6.1.2. The same analysis was carried out in samples of each composition 

subjected to different hours of ageing resistance tests. Phase quantification was performed 

on DiffractPlus TOPAS software from Buker AXS by means of Rietveld refinement.  

 

3.6.2.3. Scanning electron microscopy 

 

The morphology and grain boundaries of each doped zirconia sample were evaluated 

by scanning electron microscopy (SEM). Posteriorly to sintering process, the sintered 

pieces were polished on a Struers TegraPol-25 polishing machine, at INNOVNANO. This 

last procedure is important because the sintered ceramic pieces surfaces always present 

surface irregularities, being thus necessary a fine polishing after sintering. In order to 

remove scratches until the desired surface finishing, a rough polishing with abrasives was 
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performed. Afterwards, a fine polishing was performed using 9, 3, and 1 µm diamond paste. 

To properly observe the microstructure and grain boundaries, the selected samples were 

thermal etched in air at low temperature (100 ºC lower than the sintering temperature for 30 

minutes, with heating and cooling rates of 10 ºC/min). A HITACHI S-4100 microscope 

(University of Aveiro) was used and the samples were placed on an aluminium sample 

holder with carbon tape, being covered with a carbon thin film, on a EMITECH K950 carbon 

sputter.  

By the stereology’s line interception method, the grain size of each sample was 

measured with the obtained micrographs, using the image processing tool ImageJ 1.48v. 

In Figure 44 is represented the used method.  

 

Figure 44. Illustration of grain size measurement by the line interception method, by ImageJ 

software. 

It was assumed that the grains were spherical using the correction factor given by 

Fullman [124], and thus proceed to measuring each grain of each compositions of doped 

2YSZ. Through measuring of length of random interceptions, the average grain size can be 

determined using equation (12), 

Ḡ = 𝐾 
∑𝐿

𝑁
 (12) 

where Ḡ corresponds to the mean grain size, 𝐾 means the correction factor (1.5 for spherical 

grains [124]), 𝐿 is the length of the line interception and 𝑁 is the total number of line 

interceptions. For each sample two micrographs with the same magnification were 

acquired. Several measurements were performed in each micrograph used for each 

composition of doped 2YSZ.  
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3.6.3. Characterization of the aged samples 

 

To evaluate the ageing resistance, the doped 2YSZ samples were submitted to two 

different ageing tests. In order to select the compositions with improved ageing resistance, 

one piece of each defined compositions was submitted to thermal ageing tests during 36 

hours. After testing, the fracture toughness of aged samples was measured. Fracture 

toughness parameter is the first step in predicting the clinical performance of dental and 

orthopedic zirconia. Even though zirconia presents a higher hardness (1200 HV), the 

fracture toughness is the most relevant property in the study of degradation. This 

mechanical property is defined as the level of critical stress at which a particular defect at 

grain starts to grow. It indicates the material piece ability to resist to crack propagation, 

avoiding the catastrophic fracture [125]. The increase of the fracture toughness occurs 

when a sample is submitted to stress (internal or external), developing a micro-crack. This 

micro-crack starts to propagate at the surface of the material and a phase transformation of 

zirconia occurs, decreasing the propagation velocity of the micro-crack. As mentioned, this 

mechanism increases the fracture toughness which consequently toughens zirconia 

ceramic. 

After the ageing test and the assessment of mechanical properties (fracture 

toughness) of all samples, the best compositions were selected. Therefore, only the 

selected composition samples were subjected to hydrothermal ageing tests. The recovered 

samples from ageing tests were characterized by the techniques described below.  

 

3.6.3.1. X-ray diffraction 

 

In order to evaluate the degradation of both samples submitted to thermal and 

hydrothermal ageing tests, X-ray diffraction was performed on the polished surface of each 

sample piece using the same Bruker D8 Advance X-ray diffractometer (INNOVNANO) with 

the same previous used conditions. The zirconia phase quantification of each sample was 

performed with DiffractPlus TOPAS software from Buker AXS. 

 

3.6.3.2. Scanning electron microscopy 

 

To evaluate the extension of the bulk degradation, a cross sectional view of all initial 

compositions which were submitted to thermal ageing tests was performed by scanning 

electron microscopy (SEM) using a HITACHI S-4100 microscope, in which the samples 

were covered with carbon using a EMITECH K950 carbon sputter. The selected samples, 
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i.e., the samples that presented improved resistance to ageing degradation and better 

mechanical properties were then subjected to hydrothermal ageing. These samples were 

also observed by SEM in the same way. 

 

3.6.3.3. Mechanical tests 

 

After hydrothermal ageing tests for a period of 5 hours, required by ISO 13356:2008 

[13], the mechanical properties of the best selected samples were investigated. The Vickers 

hardness, fracture toughness and biaxial flexural strength were determined in the same 

conditions as those of the initial samples. These tests had the purpose of comparing the 

mechanical properties before and after the ageing test and to observe the influence of the 

oxides addition to zirconia on the mechanical properties of the different doped samples.  
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4. Results and Discussion 
 

4.1. 2YSZ Compositions 

 

In this chapter the results obtained for the synthesis and characterization of the doped 

2 mol% Yttria Stabilized Zirconia (2YSZ) bodies are presented and discussed. The chapter 

is divided in two sections: 

- In the first section the results obtained for the several tested doped 2YSZ 

compositions are presented from which the ones with improved LTD resistance 

and/or mechanical properties have been selected. 

 

- The second part covers the study of the selected compositions. 

 

4.1.1. Suspensions Stability 

 

The zeta potential of 2YSZ and of the various oxides used as dopants (ceria (CeO2), 

silica (SiO2), alumina (Al2O3), lanthana (La2O3), ytterbia (Yb2O3) and manganese oxide 

(MnO2)) were measured in order to determine the appropriate pH range to ensure a good 

electrochemical balance between the different particles present in suspensions. In the 

following figures (45-50) the variation of the zeta potential of the oxides with 2YSZ for each 

composition is presented. 
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                           Figure 45. Zeta potential variation of 2YSZ and CeO2.                                                   Figure 46. Zeta potential variation of 2YSZ andSiO2. 

 
                   Figure 47. Zeta potential variation of 2YSZ, SiO2 and Al2O3.                                        Figure 48. Zeta potential variation of 2YSZ, SiO2 and La2O3. 

 
          Figure 49. Zeta potential variation of 2YSZ and Yb2O3.                                                Figure 50. Zeta potential variation of 2YSZ and MnO2. 
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According to the isoelectric points presented by 2YSZ and by the dopant oxides, the 

chosen pH value to adjust the different suspensions was approximately 10, except for the 

composition with silica and alumina where the selected pH value was 11 (Figure 47). At this 

pH value, the suspensions are stable and a good phase distribution of the powders is 

expected. 

 

4.1.2. Particle size distribution 
 

The particle size distribution of the powders used to synthesize the 2YSZ doped 

compositions was determined and adjusted, with the purpose to assure that the milling 

process leads to an efficient deagglomeration of the initial particles. The obtained size 

distribution and the mean diameter of the commercial powders (Figure 51) and of the 

different suspensions obtained after ball milling are presented in Figures 52, 53 and in Table 

8. 

 

 

Figure 51. Particle size distribution of the commercial powders. 
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Figure 52. Particle size distribution of the particles after milling in suspension of (a) 2YSZ doped 
with CeO2; (b) 2YSZ doped with: SiO2; SiO2plus Al2O3 and SiO2 plus La2O3. 

 

 

Figure 53. Particle size distribution of the particles after milling in suspension: (a) 2YSZ doped with 
Yb2O3; (b) 2YSZ doped with MnO2. 

From those results it can be concluded that all the particles show a bimodal 

distribution. The addition of manganese oxide to 2YSZ presents a higher proportion of the 

longer size fraction which explains the increase in the mean diameter of the particles in 

comparison with other dopants. 
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Table 8. Mean particle diameter of the commercial and doped powders. 

 Composition  Mean diameter (d50) (µm) 

C
o
m

m
e
rc

ia
l 
p
o

w
d
e
rs

 

2 mol% YSZ 0.247 

CeO2 0.265 

SiO2 5.721 

Al2O3 0.216 

La2O3 2.724 

Yb2O3 4.295 

MnO2 3.543 

D
o
p
e

d
 p

o
w

d
e
rs

 

C
e
O

2
 2YSZ + 0.25 wt% CeO2 0.224 

2YSZ + 0.5 wt% CeO2 0.221 

2YSZ + 0.75 wt% CeO2 0.230 

S
iO

2
 2YSZ + 0.25 wt% SiO2 0.231 

2YSZ + 0.25 wt% SiO2 + 0.25 wt% Al2O3 0.198 

2YSZ + 0.25 wt% SiO2 + 1.07 wt% La2O3 0.228 

Y
b

2
O

3
 2YSZ + 13.12 wt% Yb2O3 0.223 

2YSZ + 19.68 wt% Yb2O3 0.243 

2YSZ + 26.24 wt% Yb2O3 0.239 

M
n
O

2
 

2YSZ + 0.025 wt% MnO2 0.308 

2YSZ + 0.05 wt% MnO2 0.228 

2YSZ + 0.25 wt% MnO2 0.276 

2YSZ + 0.75 wt% MnO2 0.439 

From the results presented in Table 8 it can be verified that the milling process 

effectively deagglomerated the suspension particles. The process of deagglomeration was 

a crucial factor in order to avoid the presence of a heterogeneous particle size after the 

spray drying process. Therefore, it was important to acquire a controlled size distribution of 

the particles in the suspensions before spray drying. With this milling process a good 

homogeneity of the particles with a narrow particle size distribution was achieved. 

 

4.1.3. Characterization of the spray dried powders 

4.1.3.1. Morphology 

 

Ideally, from the spray drying process, agglomerates of spherical morphologies with 

a homogenous packing of the primary particles of the different materials should be 
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achieved, containing a defined agglomerate size distribution and porosity, but they must not 

be hollow. According to the literature, solid spheres are mentioned to be the ideal 

morphology for ceramic systems [126]. The solid spheres morphology provides a better 

packing of the granules during the pressing process, promoting a better densification. An 

efficient densification is important in order to achieve ceramic materials with better 

mechanical properties. As mentioned in the third chapter, a diverse number of variable 

parameters should be controlled in during the spray drying process in order to guarantee 

the desired granules characteristics after the atomization process. The morphology of the 

granules obtained are presented on Figure 54. It can be observed that they present a 

micrometric size and are formed by agglomerates of nanometric particles, according to the 

granulometric size distribution (Figure 52, 53 and Table 8). 
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Figure 54. SEM images of the granules of each doped 2YSZ composition after spray drying. 

All compositions present a granule diameter within the range of 5 µm to 62 µm. The 

nanometric particles, which constituted the granules, have a diameter within the range of 

the results presented by the granulometric distribution curves. 

In terms of morphology, the micrometric granules show a homogeneous spherical 

shape. These granules are similar for the different compositions, however for the addition 

of 0.05 wt% manganese oxide (Figure 54 – K) they are smaller when compared to the others 

compositions with the same dopant. 

In conclusion, it may be verified that all spray dried granules are constituted by 

nanometric particles, and appear to be suitable packed and hollow granules are not 

perceptible. The spray drying procedure effectively led to an agglomeration of the particles 

originated from suspensions, forming dense micrometric granules.  

 

4.1.3.2. Specific Surface Area 

 

The specific surface area values, for both commercial and spray dried doped powders 

obtained by the B.E.T. isotherm adsorption, are presented in Table 9. 
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Table 9. Specific surface area (SSA) obtained by B.E.T. isotherm for commercial and doped 

powders. 

Compositions 
Specific Surface Area (B.E.T.) 

(m2/g) 

C
o
m

m
e
rc

ia
l 

2 mol% YSZ 23.46 

Ceria 34.19 

Silica 69.05 

Alumina 15.40 

Lanthana 3.66 

Ytterbia 19.00 

Manganese Oxide 84.33 

D
o
p
e

d
 p

o
w

d
e
rs

 

C
e
O

2
 

2YSZ + 0.25 wt% CeO2 23.78 

2YSZ + 0.5 wt% CeO2 22.97 

2YSZ + 0.75 wt% CeO2 24.27 

S
iO

2
 

2YSZ + 0.25 wt% SiO2 22.22 

2YSZ + 0.25 wt% SiO2 + 0.25 wt%Al2O3 22.93 

2YSZ + 0.25 wt% SiO2 + 1.07 wt%La2O3 21.01 

Y
b

2
O

3
 

2YSZ + 13.12 wt% Yb2O3 19.55 

2YSZ + 19.68 wt% Yb2O3 18.60 

2YSZ + 26.24 wt% Yb2O3 23.61 

M
n
O

2
 

2YSZ + 0.025 wt% MnO2 21.94 

2YSZ + 0.05 wt% MnO2 23.36 

2YSZ + 0.25 wt% MnO2 22.36 

2YSZ + 0.75 wt% MnO2 20.88 

Lanthanais the dopant that present a lower specific surface area (3.66 m2/g). 

Contrarily, the silica and manganese oxides are the dopants with higher specific surface 

areas (69.05 m2/g and 84.33 m2/g, respectively). However, the values of the specific surface 

area of the 2YSZ powders doped with these dopantsdid not present significant differences, 

due to the small amount of dopant powder used. 

 

4.1.3.3. Crystal Phases Composition 

 

The spray dried powders were analysed by X-ray diffraction in order to identify the 

crystallographic phases present. The obtained diffractograms for each composition are 

displayed in Figure 55. 
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Figure 55. X-ray diffractograms of the powders of 2YSZ doped with different types of oxides and concentrations: a) 2YSZ+CeO2; b) 2YSZ+SiO2 

(SiO2+Al2O3; SiO2+La2O3); c) 2YSZ+Yb2O3; d) 2YSZ+MnO2.
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These results evidence the presence of only monoclinic and tetragonal zirconia for all 

compositions except for 2YSZ doped with ytterbia (Figure 55 – b) where the presence of 

the dopant was detected. This might be due to the higher dopant amount (13.12 wt% - 26.24 

wt%) in the compositions with this oxide, in comparison with the other doped 2YSZ 

compositions, where the amount of dopant present is very small to be detected by X-ray 

diffraction.  

Phase quantification for all the compositions was performed by Rietveld refinement 

on DiffractPlusEva where the peaks and profile data are matched with the information 

contained in ICDD PDF files. For all compositions, the ICDD PDF file of the monoclinic and 

tetragonal zirconium oxide used were 00-005-0543 and 01-081-1544, respectively. The 

quantification of ytterbia was obtained from the ICDD PDF files 00-043-1037 and 00-006-

0371. The content of monoclinic and tetragonal zirconia detected in each composition was 

determined by DiffractPlusTopas and are displayed in Table 10. In general, all compositions 

of 2YSZ doped with different powders present a phase range between 71 - 79 % of 

monoclinic zirconia (Table 10), with the remainder being mostly tetragonal zirconia. 

Table 10. Phase quantification of zirconia for each composition. 

Compositions 

Zirconia phase 

ZrO2 (tetragonal) ZrO2 (monoclinic) 

C
e
O

2
 

2YSZ + 0.25 wt% CeO2 22.15 77.85 

2YSZ + 0.5 wt% CeO2 21.45 78.55 

2YSZ + 0.75 wt% CeO2 23.04 76.96 

S
iO

2
 

2YSZ + 0.25 wt% SiO2 24.10 75.90 

2YSZ + 0.25 wt% SiO2 + 0.25 wt%Al2O3 22.81 77.19 

2YSZ + 0.25 wt% SiO2 + 1.07 wt%La2O3 23.77 76.23 

Y
b

2
O

3
 2YSZ + 13.12 wt% Yb2O3 28.01 71.99 

2YSZ + 19.68 wt% Yb2O3 27.50 72.50 

2YSZ + 26.24 wt% Yb2O3 28.83 71.17 

M
n
O

2
 

2YSZ + 0.025 wt% MnO2 23.48 76.52 

2YSZ + 0.05 wt% MnO2 24.04 75.96 

2YSZ + 0.25 wt% MnO2 21.62 78.38 

2YSZ + 0.75 wt% MnO2 24.38 75.62 

The amount of monoclinic zirconia present in these compositions is associated to the 

transformability of zirconia when in powder phase. The granules of doped zirconia possess 

a significantly high specific surface area (Table 9) which makes them reactive and 
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transformable. Therefore, there will be a tendency for zirconia to achieve its stable state at 

room temperature, i.e., the monoclinic phase. Thus, it will promote the occurrence of the 

tetragonal to monoclinic transformation. This fact makes the content of monoclinic zirconia 

to surpass the content of tetragonal zirconia. 

 

4.1.3.4. True density 

 

The particles density of the all powders was measured in a helium pycnometer. Table 

11 presents the obtained density values for all commercial and doped 2YSZ powders. 

Table 11. Particles density of the all powders measured by helium pycnometry. 

Compositions Density (g/cm3) 

C
o
m

m
e
rc

ia
l 

2 mol% YSZ 5.450 

Ceria 7.331 

Silica 2.420 

Alumina 3.971 

Lanthana 5.318 

Ytterbia 6.524 

Manganese Oxide 4.299 

D
o
p
e

d
 p

o
w

d
e
rs

 

C
e
O

2
 2YSZ + 0.25 wt% CeO2 5.505 

2YSZ + 0.5 wt% CeO2 5.525 

2YSZ + 0.75 wt% CeO2 5.502 

S
iO

2
 2YSZ + 0.25 wt% SiO2 5.459 

2YSZ + 0.25 wt% SiO2 + 0.25 wt%Al2O3 5.465 

2YSZ + 0.25 wt% SiO2 + 1.07 wt%La2O3 5.484 

Y
b

2
O

3
 2YSZ + 13.12 wt% Yb2O3 5.574 

2YSZ + 19.68 wt% Yb2O3 5.579 

2YSZ + 26.24 wt% Yb2O3 5.228 

M
n
O

2
 

2YSZ + 0.025 wt% MnO2 5.199 

2YSZ + 0.05 wt% MnO2 5.381 

2YSZ + 0.25 wt% MnO2 5.265 

2YSZ + 0.75 wt% MnO2 5.226 

The obtained values for each composition are in accordance with the ones of the initial 

powders (2YSZ and dopants oxides). Ceria presents the highest value of density (7.331 
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g/cm3) followed by ytterbia with a density of 6.524 g/cm3. In contrast, the lowest true density 

is achieved for silica (2.420 g/cm3). 

In general, all doped 2YSZ powders have similar densities. 2YSZ doped with ceria 

presents the highest density value, and it can be observed that for different amounts of this 

dopant the value of density is practically constant (5.511 g/cm3). In the opposite side, the 

compositions with manganese oxide exhibit the lowest density value (5.268 g/cm3). The 

lower density presented by silica did not influence the final density of the compositions 

where this dopant is added, since the amount of this oxide is very small.  

All defined compositions possess a powder relative density higher than 76 % 

(considering the theoretical values of each powder dopant element, tetragonal and 

monoclinic zirconia). Therefore, it can be assumed that the obtained nanometric particles 

are dense.  

 

4.1.3.5. X-Ray Fluorescence 

 

The chemical composition of each sample obtained by spray-drying was evaluated 

by x-ray fluorescence analysis. According to ISO 13356:2008 [13] this analysis is required 

in order to detect impurities in these materials based on Yttria Stabilized Zirconia. The 

chemical compositions of each composition of doped 2YSZ are presented In Tables 12 - 

15. 

Table 12. Chemical composition of 2YSZ doped with different amounts of CeO2. 

Composition 
2YSZ + 0.25 wt% CeO2 2YSZ + 0.5 wt% CeO2 2YSZ + 0.75 wt% CeO2 

(%) 

ZrO2 94.29 94.04 93.8 

Y2O3 3.392 3.383 3.374 

HfO2 1.591 1.587 1.583 

Al2O3 0.369 0.368 0.366 

CeO2 0.278 0.534 0.793 

Other 
elements 

0.08 0.088 0.084 
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Table 13. Chemical composition of 2YSZ doped with SiO2; SiO2 and Al2O3 and SiO2 and La2O3. 

Composition 2YSZ + 0.25 wt% 
SiO2 

2YSZ + 0.25 wt% SiO2 + 
0.25 wt% Al2O3 

2YSZ + 0.25 wt% SiO2 

+ 1.07 wt% La2O3 (%) 

ZrO2 94.29 93.96 93.17 

Y2O3 3.406 3.41 3.352 

HfO2 1.591 1.601 1.572 

Al2O3 0.369 0.688 0.362 

SiO2 0.262 0.237 0.224 

La2O3   1.23 

Other 
elements 

0.082 0.104 0.09 

Table 14. Chemical composition of 2YSZ doped with different amounts of Yb2O3. 

Composition 2YSZ + 13.12 wt% 
Yb2O3 

2YSZ + 19.68 wt% 
Yb2O3 

2YSZ + 26.24 wt% 
Yb2O3 (%) 

ZrO2 81.91 76.33 70.71 

Yb2O3 13.36 19.27 25.21 

Y2O3 2.943 2.73 2.532 

HfO2 1.37 1.28 1.193 

Al2O3 0.32 0.299 0.277 

Other 
elements 

0.097 0.091 0.078 

Table 15. Chemical composition of 2YSZ doped with different amounts of MnO2. 

Composition 2YSZ + 0.025 wt% 
MnO2 

2YSZ + 0.05 wt% 
MnO2 

2YSZ + 0.25 wt% 
MnO2 

2YSZ + 0.75 wt% 
MnO2 (%) 

ZrO2 94.51 94.49 94.34 93.81 

Y2O3 3.401 3.398 3.393 3.371 

HfO2 1.611 1.611 1.597 1.593 

Al2O3 0.369 0.369 0.369 0.367 

MnO2 0.028 0.042 0.225 0.782 

Other 
elements 

0.08 0.089 0.076 0.077 
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Although the mentioned International Standard (ISO 13356:2008) is referred only for 

ceramic materials based on Yttria Stabilized Tetragonal Zirconia (Y-TZP), it was also 

considered for the doped compositions. This international standard refers that the hafnia 

amount must not exceed 5 % and the other minority elements must be below 0.5 %.  

Each composition possess a content of hafnia below 5 %, as well as the minority 

elements do not exceeds the mass fraction of 0.5 %.  

From the results of chemical analysis, it is verified that the content of 2YSZ and of all 

selected dopant are in accordance with the amount previously defined for each 

compositions. 

 

4.1.3.6. Dilatometric Analysis 

 

In order to investigate the thermal behaviour and densification kinetics of all samples 

and therefore select a sintering temperature, a dilatometric analysis was performed. The 

results obtained for all compositions are shown in Figures 59. 
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Figure 56. Dilatometric analysis of all compositions in study. 

(1) Linear shrinkage and shrinkage rate with the temperature of 

the composition of 2YSZ doped with CeO2.

(2) Linear shrinkage and shrinkage rate with the temperature of 

the composition of 2YSZ doped with SiO2 alone and SiO2 with 

other dopant elements.

(3) Linear shrinkage and shrinkage rate with the temperature of 

the composition of 2YSZ doped with Yb2O3.

(4) Linear shrinkage and shrinkage rate with the temperature of 

the composition of 2YSZ doped with MnO2.
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The influence of the green density on linear shrinkage and shrinkage rate of the doped 

zirconia powders was evaluated, and as it was expected the linear shrinkage decreases for 

samples prepared with higher green density. 

In general, the linear shrinkage curves for all compositions with different dopants and 

concentrations shows a similarly behaviour of densification (Figure 56 – a). The greater 

shrinkage rate occurs around at 1200 ºC, with exception of yttria doped zirconia (1350 ºC), 

as it can be observed in Figure 56 – b.  

According to Lange [127], for temperatures below the value of the higher linear 

shrinkage rate, the sintering kinetics is dominated by densification mechanisms, and above 

this temperature, nondensification mechanisms namely grain growth will prevail. As 

mentioned in chapter two, the submicrometric and nanometric grain size is traduced in an 

improvement of mechanical properties and ageing resistance [25], [29]. In order to avoid an 

excessive grain growth and the appearance of defects in the microstructure that can cause 

mechanical failure or degradation, a moderate sintering temperature should be considered 

[128], [129]. Zirconia is generally sintered at temperatures ranging between 1350 ºC to 1500 

ºC for more than two hours [130], where the best properties of zirconia are achieved, 

namely, the grain size grows slowly, the porosity disappears and the maximum relative 

density is reached [131]. It has been reported that sintering temperatures ranging between 

1350 ºC and 1400 ºC are recommended in order to improve the hydrothermal ageing 

resistance [28]. Materials sintered at higher temperature tend to initiate this deleterious 

transformation at earlier stages and their rate of transformation is higher than those sintered 

at lower temperatures [28]. 

From these results the sintering conditions of each composition have been selected. 

In order to ensure that the sintering process occurs correctly, the maximum temperature 

obtained by dilatometric analysis was slightly increased. The selected sintering cycle for all 

compositions of doped 2YSZ, except the composition doped with ytterbia, had a maximum 

of 1350 ºC for three hours with a heating rate of 2 ºC/min and a cooling rate of 5 ºC/min. 

The three compositions of 2YSZ doped with ytterbia were sintered to a maximum 

temperature of 1400 ºC for three hours, being the other conditions identical. In Figure 38 is 

represented the scheme of the sintering cycle.  
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4.1.4. Characterization of the sintered pieces 

4.1.4.1. Density of the sintered pieces 

 

The doped 2YSZ powders were submitted to one uniaxial pressing stage and 

sintering. The density of the sintered pieces was determined by the Archimedes’ Method. 

The density results obtained for all compositions are shown in Figure 57 and in Table 16. 

 

Figure 57. Density of all doped 2YSZ compositions sintered pieces. 

Table 16. Densification degree of the sintered compositions of doped 2YSZ. 
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Composition Density (%) 

C
e
O

2
 

2YSZ + 0.25 wt% CeO2 98.49 

2YSZ + 0.5 wt% CeO2 98.65 

2YSZ + 0.75 wt% CeO2 98.44 

S
iO

2
 

2YSZ + 0.25 wt% SiO2 98.61 

2YSZ + 0.25 wt% SiO2 + 0.25 wt%Al2O3 98.58 

2YSZ + 0.25 wt% SiO2 + 1.07 wt%La2O3 98.73 

Y
b

2
O

3
 

2YSZ + 13.12 wt% Yb2O3 96.57 

2YSZ + 19.68 wt% Yb2O3 95.01 

2YSZ + 26.24 wt% Yb2O3 90.96 

M
n
O

2
 

2YSZ + 0.025 wt% MnO2 98.98 

2YSZ + 0.05 wt% MnO2 98.67 

2YSZ + 0.25 wt% MnO2 98.91 

2YSZ + 0.75 wt% MnO2 95.94 
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In order to calculate the theoretical density of the obtained doped compositions the 

mixtures principle was used as described in equation 13, 

,where ρ is the density of the final compound, ρ2YSZ is the theoretical density of 2YSZ 

sample, ρDopant is the theoretical density of the added dopant and % 2YSZ and % Dopant 

are the weight fractions of the 2YSZ and added dopants, respectively. In the case where 

two dopants are added to the starting 2YSZ, the densities and weight fractions of both them 

have to be accounted. 

The effect of the sintering temperature on the densification of the samples with different 

dopants was evaluated for all sintered compacts. It can be observed that the sintering stage 

led to a good densification of all doped 2YSZ pieces (approximately 6 g/cm3 for all samples, 

being the Yb2O3 doped 2YSZ samples the ones with higher density (higher than 6.23 

g/cm3)). Compared with the theoretical values of density (Table 16), the achieved relative 

density is superior to 90 %. Considerable higher density at relative low temperature can be 

attributed to a set of factors such as, spray dried powders (which had a spherical shape, 

with nanometric particle size and were dense), a good packing of these powders during 

uniaxial pressing which improved the density of the green bodies and lastly the sintering 

stage which allowed an increase of the density values.  

According to some authors, the spray drying of deflocculated suspensions can result 

in the production of hollow granules and thus, can give rise to porous ceramics with flaws 

upon sintering [126], [132]. Nevertheless, the density values obtained for each composition 

of doped 2YSZ powders are associated to dense particles and not hollow. Thus, in this 

study it is not verified the same evidence that was previously reported other authors. 

 

 

 

 

 

 

 

 

 

 

𝜌 =  𝜌2𝑌𝑆𝑍 × (% 2𝑌𝑆𝑍) + 𝜌𝐷𝑜𝑝𝑎𝑛𝑡 × (% 𝐷𝑜𝑝𝑎𝑛𝑡) (13) 



 CHAPTER 4 – Results and Discussion 

95 
 

4.1.4.2. Crystal phases compositions 

 

In order to confirm the transformation of monoclinic zirconia to the tetragonal phase 

upon sintering stage, X-ray analysis was performed on the doped 2YSZ samples. The 

obtained diffractograms for all compositions are show in Figure 58. 
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Figure 58. X-ray diffractograms obtained from sintered samples of 2YSZ doped with different types of dopant and concentrations: a) un-doped 2YSZ; 

b) 2YSZ+CeO2; c) 2YSZ+SiO2 (SiO2+Al2O3; SiO2+La2O3); d) 2YSZ+Yb2O3; e) 2YSZ+MnO2. 
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The samples sintered at 1350 ºC (un-doped and doped 2YSZ samples) and 1400 ºC 

(Yb2O3 doped zirconia) are mostly constituted by tetragonal zirconia phase. At these 

sintering temperatures, the most part of the monoclinic zirconia detected in doped 2YSZ 

powders after spray drying (Figure 55), has been transformed to the beneficial tetragonal 

zirconia. The sample of 2YSZ doped with an amount of 0.75 wt% MnO2 (Figure 58 – e) 

presented a very low mechanical resistance (very fragile) during sintering stage, hence was 

not in conditions to be characterized in terms of thermal ageing and mechanical resistance 

tests, so it was excluded. An accentuated decrease of the relative intensity of the peak 

approximately at 30 º (2θ) can be observed on case of manganese oxide (0.25 wt%) (Figure 

58 – e) is associated with the preferred orientation effect due to pellets. A slightly decrease 

accomplished by an enlargement of the diffraction peaks, mainly at approximately at (2θ) 

of 30 º, 35 º and 50 º, for2YSZ doped with an intermediate selected amount of ytterbia 

dopant (19.68 wt%) (Figure 58 – d), occurred due to the XRD equipment not being in 

spinning mode, which affected the results. 

It was observed that for all samples subjected to sintering, the monoclinic phase was 

transformed into tetragonal zirconia and thus, its detrimental effects would not affect the 

following tests.  

 

4.1.4.3. Microstructure 

 

To investigate and observe the microstructure of all doped 2YSZ samples, the 

sintered pieces were thermally etched and observed by scanning electron microscopy. In 

Figure 59 the micrographs of the obtained microstructures are presented.  
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Figure 59. SEM micrographs of the thermal etched doped 2YSZ samples. 

As it can be seen by SEM micrographs, a uniform microstructure was accomplished 

without evident segregation for the doped 2YSZ samples. Although it is possible to detect 

some small pores in the doped zirconia stabilized samples (generally located at the grain 
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boundaries), dense sintered samples were obtained, since the achieved density values are 

all above 90 %, at relative low sintering temperature (1350 ºC and 1400 ºC). 

The microstructure presented by every sample of doped zirconia displayed similarities 

with some published results, in terms of morphology and distribution of the grains of the 

samples [25], [28], [133], [134].  

The mean grain size for each sample was calculated from the SEM micrograph 

through several measurements, as described in chapter three. Two micrographs were used 

for each composition (with the same magnification), using the linear interception method. 

The obtained values are displayed in Table 17. 

Table 17. Mean grain size of doped 2YSZ sintered samples calculated by the line interception 

method. 

Composition Mean grain size (nm) 

C
e
O

2
 2YSZ + 0.25 wt% CeO2 362±13 

2YSZ + 0.5 wt% CeO2 345±12 

2YSZ + 0.75 wt% CeO2 374±13 

S
iO

2
 

2YSZ + 0.25 wt% SiO2 390±16 

2YSZ + 0.25 wt% SiO2 + 0.25 wt%Al2O3 321±13 

2YSZ + 0.25 wt% SiO2 + 1.07 wt%La2O3 297±9 

Y
b

2
O

3
 2YSZ + 13.12 wt% Yb2O3 432±25 

2YSZ + 19.68 wt% Yb2O3 3525±258 

2YSZ + 26.24 wt% Yb2O3 1679±246 

M
n
O

2
 

2YSZ + 0.025 wt% MnO2 337±12 

2YSZ + 0.05 wt% MnO2 272±9 

2YSZ + 0.25 wt% MnO2 591±9 

2YSZ + 0.75 wt% MnO2 339±12 

As it can be observed, the sintering temperature (1350 ºC and 1400 ºC) influenced 

the grain size of the zirconia stabilized with different types and concentrations of dopants. 

The samples sintered at 1350 ºC (2YSZ doped with CeO2, SiO2, MnO2) showed similar 

microstructures and grain sizes. In these samples, it is possible to verify that the mean grain 

size ranges between 272 to 591 nm and that the concentration and type of the dopants (for 

each composition) does not significantly affect the mean grain size of these samples. This 

suggests that the selected sintering temperature did not allow excessive grain growth. In 

relation to the samples of 2YSZ doped with ytterbia sintered at 1400 ºC, it is possible to 

verify that higher concentration of this oxide causes an increase of the grain size. For the 

samples with this dopant, the mean grain size ranges between 432 to 3525 nm. Ytterbia 
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exhibits a higher grain growth during sintering. Regarding the results published by Kan et 

al. [65], where the sample of zirconia stabilized with 1 mol% Y2O3 doped with Yb2O3 (13.12 

wt%, 19.68 wt% and 26.24 wt%), sintered for 1 hour at 1400 ºC, shows similar 

homogeneous microstructures (between each dopant content) with average grain sizes of 

300 nm, it can be concluded that this excessive grain growth must be related with the 

difference on the sintering parameters, specifically the holding time (3 hours instead of 1 

hour). 

 

4.1.4.4. Thermal ageing tests 

 

X-ray diffraction was performed to confirm the absence of other possible phases that 

could be formed during the thermal ageing tests, at 200 ºC, after 12 and 36 hours, to verify 

and quantify the presence of tetragonal and monoclinic zirconia. The obtained 

diffractograms for each doped 2YSZ composition after 36 hours of treatment are displayed 

in Figure 60. 
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Figure 60. X-ray diffractograms obtained for each composition of doped 2YSZ after 36 hours of thermal ageing tests: a) 2YSZ+CeO2; b) 2YSZ+SiO2 

(SiO2+Al2O3; SiO2+La2O3); c) 2YSZ+Yb2O3; d) 2YSZ+MnO2.
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From the acquired results, an increase of the content of monoclinic zirconia is 

observed in doped 2YSZ samples after being submitted to a degradation environment. 

Through the diffractograms analyses, it is perceptible that the samples of zirconia doped 

with ytterbia (Figure 60 – c)) do not show the presence of monoclinic zirconia. Also, it is 

verified that for aged 2YSZ samples doped with silica and alumina (Figure 60 – b)) some 

peaks correspondent to monoclinic and tetragonal zirconia were suppressed and others 

show a decrease of intensity, which suggests a decrease of the crystallinity. Once again, 

it can be related with the fact of the XRD equipment not being in spinning mode. 

Nevertheless, the other samples (2YSZ doped with CeO2, SiO2, SiO2with La2O3, MnO2) 

do not exhibit the same behaviour observed for the sample of 2YSZ doped with both 

oxides, SiO2 and Al2O3. 

The ageing phenomenon is the main concern regarding zirconia. In the literature 

review it was mentioned that the 2YSZ ceramics, since they contain small amounts of 

stabilizer, are more susceptible to spontaneous phase transformation of zirconia when 

compared with other samples of zirconia stabilized with a greater amount of yttria (3YSZ 

for example). Although the greater amount of yttria helps to decrease the spontaneous 

phase transformation, the same behaviour can be obtained by doping the 2YSZ with 

different oxides (as mentioned earlier in this document). In order to compare the degree 

of degradation of the selected 2YSZ doped samples through the time of exposition (12 

and 36 hours) at low temperature (200 ºC), the quantification of the zirconia phases was 

calculated with the purpose of investigating their vulnerability to thermal ageing (Table 18). 
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Table 18. Phase quantification of 2YSZ doped samples after thermal ageing tests. 

Compositions 
0 hours 12hours 36 hours 

ZrO2_m ZrO2_t ZrO2_m  ZrO2_t  ZrO2_m ZrO2_t 

C
e

O
2
 

2YSZ+0.25 wt% CeO2 0.09 99.91 52.09 47.91 62.07 37.93 

2YSZ+0.5 wt% CeO2 1.61 98.39 31.35 68.65 62.44 37.56 

2YSZ+0.75 wt% CeO2 3.62 96.38 49.35 50.65 56.20 43.80 

S
iO

2
 

2YSZ+0.25 wt% SiO2 2.67 97.33 41.27 58.73 58.30 41.7 

2YSZ+0.25 wt% SiO2+0.25 wt% Al2O3 0.72 99.28 43.05 56.95 - - 

2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 0.22 99.78 15.06 84.94 24.49 71.51 

Y
b

2
O

3
 2YSZ+13.12 wt% Yb2O3 0 100 0.13 99.87 0.04 99.96 

2YSZ+19.68 wt% Yb2O3 1.34 98.66 0.84 99.16 0.06 99.94 

2YSZ+26.24 wt% Yb2O3 0.03 99.97 0.46 99.54 0.06 99.94 

M
n

O
2
 

2YSZ+0.025 wt% MnO2 2.08 97.92 38.8 61.20 59.62 40.38 

2YSZ+0.05 wt% MnO2 1.19 98.81 44.71 55.26 61.20 38.80 

2YSZ+0.25 wt% MnO2 19.76 80.24 36.08 63.92 62.19 37.81 

2YSZ+0.75 wt% MnO2 -- -- -- -- -- -- 

From the results presented in Table 18, it can be observed that for some doped 

2YSZ samples the deleterious transformation of zirconia was prevented. There was no 

evidence of degradation in all samples of zirconia doped with different amounts of ytterbia, 

since more than 99.9 % is constituted by tetragonal zirconia. Comparing with the other 

samples, the best results in terms of prevention of degradation were achieved by these 

samples. 

The 2YSZ doped with SiO2 and La2O3presented a small amount of monoclinic phase 

after 36 hours of degradation (24.49 %). These improvements on ageing resistance were 

somehow expected, since the published studies [53]–[60], [65], reported that theses 

dopants (ytterbia, silica and lanthana) stabilize the tetragonal phase of zirconia and they 

can promote an effective deceleration of the transformability of zirconia, resulting in an 

improvement of degradation resistance.  

In relation to zirconia doped with manganese oxide samples, an increase of 

monoclinic zirconia occurs with the increase of this dopant (Table 18). An enhancement 

of the ageing resistance would also be expected, since it has been reported that this 

dopant improves the resistance to degradation [50], [51]. Ramesh et al. [51] verified that 

by the addition of MnO2 to zirconia, a slow decrease on the ageing kinetics phenomenon 

occurs. 
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As previously mentioned, the aged samples doped with silica and alumina led to the 

suppression and decreasing of intensity of the peaks correspondent to the phases of 

zirconia, resulting in a decrease of the sample’s crystallinity (Figure 60 – b). For this 

reason, the quantifications of zirconia phases’ correspondent to this doped sample after 

36 hours of thermal ageing test were not measured (Table 18). 

Comparing the aged doped samples at intermediate time stage (12 hours of 

procedure of the thermal ageing treatment), the sample of zirconia doped with 0.50 wt% 

of ceria achieved the lowest value of monoclinic phase (31.35 %) in relation to the other 

samples in the same period of time (except when compared with zirconia doped with 

Yb2O3 and zirconia doped with both oxides, SiO2 and La2O3). For the concentrations 

smaller and higher than this value (0.50 wt% of CeO2), the amount of tetragonal zirconia 

decreases. 

In order to investigate if the degradation expands to the bulk, the cross-section of 

the samples after 36 hours of ageing was observed by SEM. A method which consists in 

measuring the thickness of the monoclinic layer, from the distance of the sharp uneven 

line from the surface until transformed zone of the bulk,allows to study the extension of 

the degradation and it is a method used by several authors [8], [28], [135]. The obtained 

micrographs of cross-section surfaces of doped samples are displayed in Figure 61. 
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Figure 61. SEM images of the cross-section of the surface of the doped 2YSZ samples after 36 
hours of thermal ageing tests. 

Figure 61 - A corresponds to a 2YSZ sample without the addition of dopants, 

provided by INNOVNANO, which was used as a reference sample after ageing, for 

comparison with the doped samples. From the micrographs it can be seen that the 

reference sample is degraded, since it presents an extensive grain pull-out at the surface 

and a porous structure. The monoclinic transformed region is characterized by the 

presence of porosity, grain pull-out and intergranular fracture [28], [53]. In terms of 

structure, monoclinic fraction presents a porous and disorganized structure. On the other 

hand the tetragonal region is dense, and presents a continuous, smooth surface.  

As it can be observed, the 2YSZ doped with CeO2 (B, C, D), SiO2 (E) and SiO2 with 

alumina and lanthana (F, G, respectively), and Yb2O3 (G, I) samples present a continuous 

surface of the cross-section, with no evident layer of porosity and grain pull-out, which is 

also a characteristic of the tetragonal fraction.  

In the sample with higher grain size, the cracking tends to cross through the grains 

of the sample. In this case, the samples demonstrate a smoother superficial fracture which 

suggests a transgranular fracture. An example of this effect is presented in the sample of 

2YSZ doped with Yb2O3 (Figure 61 – H, I, J), with a mean grain size range of 432 - 3525 

nm. In contrast, for the samples with a smaller grain size, the crack has to pass between 

the grains, i.e., it has to circumvent the grain boundary, resulting in a more intergranular 

cracking and therefore a slightly rougher surface. As an example, the 2YSZ doped with 
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an amount of 0.05 wt% of MnO2, which have a smaller mean grain size (272 nm), presents 

a slightly rougher surface.  

In general, for all mentioned samples, the obtained grain size, the partially uniform 

microstructure with no evident agglomeration and the appropriated sintering temperature 

contributed to these beneficial results of thermal ageing resistance. As confirmed by some 

authors, the application of a relative low sintering temperature (1350 ºC and 1400 ºC) may 

enhance the ageing resistance [28]. An obtained nanometric grain size (Table 17) and no 

visible agglomeration of the grains (Figure 59) leads to an adequate stabilization of the 

zirconia. Samples of 2YSZ with finer and smaller grain sizes are ideal to achieve better 

mechanical properties and ageing resistance [1]. For these reasons, it will be expected 

that the surface layer of monoclinic zirconia would not cause a decay of the mechanical 

properties (fracture toughness) of the aged sample. 

In terms of thermal ageing resistance, the behaviour observed by ytterbia doped 

2YSZ samples is related with their grain size. In the samples doped with ytterbia that 

present higher value of grain size, corresponding to the samples with higher concentration 

of ytterbia (2YSZ+19.68 wt% Yb2O3 and 2YSZ+26.24 wt% Yb2O3), a decrease of the 

mechanical properties will be expected. Thus, a slightly lower sintering temperature would 

be beneficial for the samples doped with this oxide in order to obtain a smaller grain size, 

which would consequently lead to an improvement of the mechanical properties. 

From all doped samples, the 2YSZ doped with manganese oxide samples are the 

most affected by the thermal ageing (Figure 61 - K, L, M). From these micrographs it can 

be observed that the surface of these samples were degraded with the exposure to low 

temperature during the established period of time of this ageing tests. In these samples, 

the thickness of this degraded layer is large enough to be measured by the distance of the 

sharp uneven line from the surface until the point into the bulk of the sample where this 

degradation ends. It is important to acknowledge that these values should be regarded as 

rough estimates providing useful additional information rather than exact thickness of 

surface layers degraded after exposure to thermal ageing. The results of these 

measurements of monoclinic fraction are presented in Table 19.  
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Table 19.Thickness of the monoclinic fraction layer after ageing. 

Compositions 
36 hours 

SEM (µm) 

R
e
fe

re
n
c
e

 
2YSZ 10.84 

M
n
O

2
 2YSZ+0.025 wt% MnO2 2.9 

2YSZ+0.05 wt% MnO2 3.1 

2YSZ+0.25 wt% MnO2 3.5 

Through the measurement carried out in MnO2 doped 2YSZ, it is verified that with 

the increase of the amount of dopant (Table 18), the thickness of transformed zone also 

increases (Table 19). In terms of the grain size, the samples of 2YSZ doped with 0.25 wt% 

of manganese oxide show the highest value (591 nm). As previously mentioned, bigger 

grains of zirconia lead to a reduction of the mechanical properties [4], [21].The sintering 

temperature (1350 ºC) selected from the dilatometric analysis (Figure 56), for this doped 

samples allows a slightly increase of the grain size. A decay of the fracture toughness for 

the 2YSZ doped with this highest amount of MnO2 (0.25 wt%) due to the monoclinic 

content present in this sample and its grain size, will be expected. 

 

4.1.4.5. Mechanical Properties 

 

One of the most important characteristics of zirconia ceramics is their excellent 

mechanical properties. The densification upon sintering process is a fundamental factor 

that benefits the mechanical properties of these materials. It is known that the final density 

of the sintered samples and grain size have a strong influence in the mechanical 

properties, since high density ceramic materials with a reduced grain size leads to the 

improvement of the mechanical properties [1].  

The fracture toughness for all 2YSZ doped samples, after the thermal ageing test 

was studied. Through this mechanical parameter it is possible to investigate the capacity 

of the doped samples to resist crack propagation, avoiding catastrophic fracture. The 

mechanical test was carried out as described in the procedures presented in chapter three, 

and the results obtained are displayed in Figure 62. 
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Figure 62. Results obtained for fracture toughness of the doped 2YSZ samples. 

Since zirconia with lower amount of yttria (2YSZ) is more susceptible to the 

tetragonal to monoclinic transformation, the fracture toughness was greatly influenced by 

this stabilizer content and by the addition of the dopant oxides. The toughening 

enhancement is proportional to the amount of transformable zirconia present in doped 

2YSZ samples. This phenomenon is related with the martensitic transformation of zirconia. 

From the obtained results, it can be verified that 2YSZ doped samples present a similar 

value of fracture toughness after being submitted to ageing tests during a period of 36 

hours, except zirconia doped with ytterbia where that parameter decreases significantly. 

As previously mentioned, although ytterbia doped 2YSZ samples present the higher 

ageing resistance when compared to the other doped samples, they present a 

microstructure with a larger grain size (432 – 3525 nm). From the results, it was confirmed 

that with the increase of the content of this dopant, which led to a higher growth of the 

grains, the indentations of the cracks were too large and it was not possible to be 

measured (19.68 wt% Yb2O3 and 26.24 wt% Yb2O3). This behaviour can be related to the 

higher grain size which makes the propagation of the crack to occur inside the grains, 

since in this case the contribution of the grain boundary effect is lower, because the lower 

amount of grain boundary does not contribute to dissipate the energy in order to stop the 

crack more rapidly. Among the samples doped with ytterbia the one with a lower content 

of dopant (13.12 wt% Yb2O3), presented the lower grain size and achieved the lowest 

value of fracture toughness when compared with the other samples, 3.45 MPa.m1/2. 

The sample of zirconia doped with a higher amount of manganese oxide (0.25 wt% 

of MnO2) showed a higher extension of degradation in comparison with all of the other 

doped samples, which could be confirmed by SEM micrographs and by the values of 
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monoclinic fraction (3.4 µm) measurements. The higher grain size of this sample (591 nm) 

and the amount of monoclinic zirconia (62.19 %), makes that propagation of crack to occur 

in the inside of samples, making them more fragile samples in terms of mechanical 

resistance.  

In relation to the other samples (2YSZ doped with CeO2, SiO2, SiO2 with La2O3), it 

is possible to confirm that the degradation occurs only at the surface of the doped samples. 

A densification above 90 % of the sintered doped samples allowed to obtain good fracture 

toughness results, as can be seen in Table 16. Regarding the doped 2YSZ samples, the 

highest value of fracture toughness was achieved for silica doped 2YSZ sample, 7.19 

MPa.m1/2. Thus, it can be concluded that the different dopants do not show relevant 

differences in the fracture toughness of the doped 2YSZ samples. In parallel, it is visible 

that for each dopant, at different concentrations, the fracture toughness is not influenced, 

since the achieved values are very similar. Thus, it may be concluded that for these 

samples, the amount of monoclinic zirconia present at the surface layer was not 

deleterious to fracture toughness. 

 

4.1.4.6. Conclusion of the preliminary study 

 

Throughout this preliminary study and in order to verify the ageing resistance and 

fracture toughness behaviour, thermal ageing tests and mechanical tests were carried out 

to the defined doped samples and the selection of the best type and concentration of 

doped oxide of zirconia was accomplished. It was verified that some of the selected 

samples did not present the important characteristics of zirconia stabilized ceramics: 

improved ageing resistance and fracture toughness. However, from the obtained results, 

it can be confirmed that some of the selected doped 2YSZ samples played an important 

role in improving the resistance to ageing and mechanical properties of the less stable 

zirconia. From the results obtained for the amount of monoclinic zirconia and for the 

fracture toughness it can be concluded that an improvement of the ageing resistance and 

mechanical properties was achieved when ceria (0.50 wt%) and, silica with lanthana 

(2YSZ+0.25 wt% SiO2+ 1.07 wt% La2O3) were added to 2YSZ.  

The sample of 2YSZ doped with CeO2 showed an improvement of the ageing 

resistance and a good value of fracture toughness, 7.11 MPa.m1/2. Ceria improves the 

mechanical properties of YSZ, namely, the addition of this dopant promotes the increasing 

of the fracture toughness [46]. The 2YSZ doped with this oxide, sintered at 1350 ºC, 
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presented a homogeneous morphology with a mean grain size of 297 nm and a density of 

5.99 g/cm3.  

On other hand, in order to protect the tetragonal phase against the degradation, 

silica (SiO2) and lanthana (La2O3) oxide were tested. Both these dopants have proven to 

decelerate the tetragonal to monoclinic transformation [53], [54], [56]–[59]. These oxides 

retain the mechanical properties of 2YSZ, which means that although the ageing 

resistance increases, it has no deleterious effect in mechanical properties [53], [60]. The 

amount of each dopant was selected accordingly to the published results (0.25 wt% SiO2 

and 1.07 wt% La2O3) [55], [60]. The 2YSZ doped with both these oxides was sintered at 

1350 ºC, reaching a density of 5.99 g/cm3. This sample presented a homogenous 

morphology with a mean grain size of 297 nm. Although, a slightly lower fracture 

toughness value was obtained after the sample being submitted to thermal ageing, 6.56 

MPa.m1/2. 

Hence, a study of the resistance to hydrothermal ageing tests was performed with 

these two selected samples.  
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4.2. Study of the selected doped 2YSZ samples 

 

After the initial characterization (thermal ageing resistance and fracture toughness) 

of all doped 2 mol% Yttria Stabilized Zirconia (2YSZ) samples, the best ones were 

selected for comparison with the un-doped 2YSZ samples commercialized by 

INNOVNANO. This comparison was done in order to evaluate the ageing resistance by 

hydrothermal ageing tests and mechanical properties (before and after the hydrothermal 

ageing tests). 

A schematization related with the selected doped zirconia compositions is presented 

in Figure 63. The further study of these selected samples was carried out and the achieved 

results are presented in the following sections.  

 

Figure 63. Selected doped 2YSZ compositions derived from the results previously analyzed. 

 

4.2.1. Characterization of the selected doped 2YSZ spray dried 
powders 

 

Since it was not possible to use the same ball milling that was used for the first 

samples, available at INNOVNANO (Figure 31), the best selected compositions were 

submitted to a deagglomeration process in another milling equipment (available at the 

University of Aveiro). A Teflon jar with micrometric balls of zirconia was used in a planetary 

milling equipment (Retsch PM400) in order to achieve a controlled particle size 

distribution. The operating conditions (time and velocity) of this equipment were previously 

adjusted and controlled, to obtain similar results (in terms of the grain size distribution) 

than those presented in the previous preliminary study. 

 

 

Selected doped 2YSZ samples

2YSZ+0.25 wt% SiO2+ 

1.07 wt% La2O3

2YSZ+0.50 wt% CeO2
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4.2.1.1. Specific Surface Area 

 

The specific surface area (SSA) of the two selected doped spray dried powders was 

measured by the B.E.T. adsorption isotherm. In Table 20, the obtained SSA values are 

presented. 

Table 20. Specific surface area of each doped 2YSZ composition powders. 

Composition Specific Surface Area (B.E.T.) (m2/g) 

2YSZ+0.50 wt% CeO2 22.23 

2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 21.34 

As expected, the obtained values for these compositions are identical to the values 

achieved in the preliminary study (22.97 m2/g for CeO2 doped 2YSZ and 21.01 m2/g for 

2YSZ doped with SiO2 and La2O3). The specific surface areas of both the selected 

composition powders are very similar. Comparing these results with the value obtained for 

the un-doped 2YSZ (23.46 m2/g), it is noticed that the addition of dopants (CeO2, SiO2, 

La2O3) did not significantly affect the specific surface area.  

 

4.2.1.2. Powder density 

 

The obtained value of the powder density determined by helium pycnometer for the 

doped 2YSZ with ceria was 5.556 g/cm3. This value is similar to the value obtained for the 

2YSZ doped with silica and lanthana oxide (5.524 g/cm3), and they are in accordance with 

the previous values obtained in a preliminary study (5.525 g/cm3 for CeO2 doped 2YSZ 

and 5.484 g/cm3 for SiO2 with La2O3 doped 2YSZ). From the obtained values it can be 

considered that the nanometric particles, which constitute the granules of doped 2YSZ, 

are dense nanoparticles.  

 

4.2.1.3. X-Ray Fluorescence 

 

The chemical composition of each doped 2YSZ powders was analyzed through X-

ray fluorescence. This characterization is important because it allows to confirm the 

presence of the dopants used in each sample, and assures the absence of any 

contamination. The result contents of each oxide are summarized in Table 21. 
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Table 21. Chemical composition for each doped 2YSZ composition powders. 

Composition 
2YSZ+0.50 wt% CeO2 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 

(%) 

ZrO2 92.727 92.230 

Y2O3 3.969 3.931 

HfO2 2.096 2.170 

Al2O3 0.371 0.301 

CeO2 0.560 - 

SiO2 - 0.269 

La2O3 - 1.035 

Other elements 0.277 0.064 

From the obtained results of chemical compositions, the presence of each added 

dopant (CeO2, SiO2, La2O3) to 2YSZ is confirmed.  

As previously observed for the compositions of the preliminary study, no 

contaminations were noticed. As specified on ISO 13356:2008 [13], it was verified that the 

content of hafnia is below 5% and the other minority elements are below 0.5%, for each 

selected doped zirconia powder.  

Also, the content of zirconia, yttria and selected dopants, are in agreement with the 

defined composition for each doped 2YSZ composition. 

 

4.2.3. Characterization of selected doped 2YSZ sintered samples 

4.2.3.1. Density of the green and sintered pieces 

 

The stages of powder pressing significantly affect the densification and physical 

properties of the sintered materials [136], [137]. The effect of the green density on the 

sintering behaviour of ceramics materials has been a widely studied topic. Krell et al. [137], 

compared the effect of the final density (after sintering) of submicron alumina prepared by 

uniaxial pressing (UP) and cold isostatic pressing (CIP) in addition to the uniaxial pressing. 

The study confirmed that a reduction of the sintering temperature occurs for the samples 

subjected to UP and CIP, as well as an increase in the final density of the sintered samples 

for compacts with higher green density. This occurs due to the enhancement on the 

particles’ densification of the samples that were submitted to both pressing stages. 

Uniaxial pressing presents some limitations which are mainly associated with 

unsymmetrical density due to non-uniform pressure inside the sample which lead to 
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deformities and cracking of the samples during the sintering process [138]. Contrarily to 

UP, cold isostatic pressing allows the achievement of a more uniform distribution of density 

in the samples. It also decreases the number of free defects (pores), since the samples 

are submitted to equal and simultaneous pressures over all their surface. Thus, it allows 

a maximum of uniformity of the density and, as a consequence, more uniform 

microstructures [139]. 

Well densified samples are an indicator of good mechanical properties. Since a good 

degree of densification was already achieved with uniaxial pressing for all samples, in the 

preliminary study, the addition of one more pressing stage (CIP) is expected to improve 

the densification of the selected samples, before sintering. The densities of the green and 

sintered bodies were measured geometrically and by the Archimedes’ Method, 

respectively. The values obtained for each doped composition, after each stage of 

pressing and sintering, are presented in Figure 64. The densification degree related with 

the theoretical values of each element was determined and presented in Table 22. 

 

Figure 64. Density values achieved for different stages of pressing (UP and CIP) and sintering for 
best doped 2YSZ samples: A) 2YSZ+0.5 wt% CeO2; B) 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3. 

Table 22. Density degree of each doped 2YSZ composition after sintering. 

Composition Density (%) 

2YSZ+0.5 wt% CeO2 96.94 

2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 97.76 

From the obtained results it can be confirmed that the density of the green bodies 

increases with the additional stage of cold isostatic pressing. A slight improvement of 

approximately 0.4 g/cm3 was obtained. 
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The sintering process led to a densification of the doped 2YSZ samples of 

approximately 2.80 g/cm3, when compared to their values of green density (after the Cold 

Isostatic Pressing). Both selected doped 2YSZ sintered samples present very close 

density values (5.89 g/cm3 and 5.93 g/cm3 for 2YSZ+0.5 wt% CeO2 and 2YSZ+0.25 wt% 

SiO2+1.07 wt% La2O3, respectively), demonstrating similarities between these samples. 

Once more, the sintering process highly contributed to the increase of the densification 

degree reaching values of approximately 97 %, relatively to the theoretical values. These 

values are the result of a good packing of the nanometric particles during the pressing 

stages and the homogeneity of green bodies. These factors are important for the sintering 

of ceramics at relatively low temperature (1350 ºC) with higher density. However, the 

density degree, relatively to the theoretical values, is slightly lower when compared with 

the same compositions prepared in the preliminary study, where both samples achieved 

a value of density higher than 98.65 %. This decrease of density can be correlated with 

the modification of the milling equipment. Due to this modification, aspects such as time 

and velocity were controlled and defined, in order to obtain a particle size distribution of 

these compositions to be coherent with the results obtained before (with INNOVNANO’s 

ball mill). From this control, the results and differences on the particle size distribution are 

presented in Figure 65. 

 

Figure 65. Particle size distribution of the selected doped 2YSZ samples: a) process performed 
at University of Aveiro; b) process performed at INNOVNANO. 
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The powders were subjected to a deagglomeration process during 30 min for 

2YSZ+0.5 wt% CeO2 and 1 and a half hour for 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 at 

250 rpm. From the analysis of the obtained graphic, slight differences are observed in 

terms of the particle size distribution behaviour of both selected samples when compared 

with the same compositions, in the preliminary study (Figure 65 – b). It can be possible to 

verify that these selected samples exhibit a unimodal distribution of the particles, while 

previously, a bimodal distribution was obtain for all samples. 

Also, by the presented results, it can be confirmed that a higher peak volume fraction 

of sub micrometric particles (around 16 %) is obtained for the ball milling process at the 

University of Aveiro (Figure 65 - a) while on the samples milled at INNOVNANO the 

bimodal distribution resulted in lower values of volume fraction of the same type of 

particles (close to 9 %). The values of the mean diameter obtained for the selected 

compositions are displayed in Table 23. 

Table 23. Mean diameter of the selected doped 2YSZ compositions. 

Composition Mean diameter (d50) (µm) 

2YSZ+0.5 wt% CeO2 0.253 

2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 0.233 

Comparing the obtained values of the selected compositions with those of the 

samples milled at INNOVANO, it is possible to conclude that the working parameters (time 

and velocity) were well defined, since the mean diameter values are similar (0.221 µm and 

0.228 µm for the first samples - 2YSZ+0.5 wt% CeO2 and 2YSZ+0.25 wt% SiO2+1.07 wt% 

La2O3, respectively) for both milling processes. 

Nevertheless, problems associated with the use of the Teflon jars were observed. A 

slightly amount of Teflon particles were visible in aqueous suspensions of these 

compositions. Although, these aqueous suspensions have been sieved (sieve of 80 µm), 

some of these particles passed to the suspension of each composition. Whilst the cold 

isostatic pressing have contributed to increase the green density of the samples (when 

compared with the samples uniaxially pressed), their final density was not benefited by 

this additional pressing stage, due to the presence of the Teflon impurities. From the 

obtained density values, it can be seen that the density decreased about 1.71 % for 2YSZ 

doped with CeO2 and 0.97% for 2YSZ doped SiO2 and La2O3 samples, relatively to the 

theoretical values, in comparison with the prepared sintered samples in the preliminary 

study with these dopants. Since the density of the samples is influenced by the last stage 

(sintering), this is the process that will define the final density of the samples. The burn 

(on the sintering process) of the Teflon particles present in the spray dried powders 
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promoted the creation of some porosity in the sintered samples, which consequently led 

to the decrease of the density for both sintered samples.  

The value of approximately 97 % is still an indicator of good densification, but this 

value is not sufficient to guarantee the required mechanical properties. Due to this density 

decrease of the sintered doped samples, a slight decrease of mechanical and ageing 

resistances, in relation to un-doped zirconia samples that have not passed through the 

same milling process, will be expected. 

 

4.2.3.2. Crystal Phases Composition 

 

X-ray diffraction was carried out for the sintered doped samples in order to verify the 

presence of zirconia phases (tetragonal and monoclinic zirconia) and confirm the absence 

of new crystalline phases that could be formed during the sintering stage. The obtained 

diffractograms of each doped 2YSZ sintered sample are presented in Figure 66. 

 

Figure 66. X-ray diffractogram obtained for each selected doped 2YSZ sample after sintering. 

From the diffractograms analysis, it can be confirmed that the only phases present 

in the doped 2YSZ samples are monoclinic and tetragonal ZrO2. It was expected that the 

sintering stage carried at 1350 ºC would not allow the presence of monoclinic zirconia (this 

phase is only stable until 1170 ºC) and also because, by the dilatometric studies it was 

possible to verify that this is the temperature where a higher densification of the samples 

is achieved. However, some amount of monoclinic zirconia was detected by 

DiffractPlusTopas. The content of every detected phase of zirconia is displayed in Table 24.  
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Table 24. Phase quantification of each selected doped sintered sample. 

Composition ZrO2 (tetragonal) (%) ZrO2 (monoclinic) (%) 

2YSZ+0.5 wt% CeO2 72.51 27.49 

2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 90.63 9.37 

The sintering temperature applied in these samples did not allow all the monoclinic 

zirconia to transform into the benefic tetragonal phase of zirconia. The higher value of 

monoclinic phase in sintered samples was observed for the sample doped with ceria. For 

2YSZ doped with both oxides (SiO2 and La2O3), a lower amount of monoclinic zirconia 

(9.37 %) is verified. The higher amount of monoclinic phase in the sample of 2YSZ doped 

with ceria explains its lower verified density (96.94 %) whilst the sample doped with both 

oxides presents lower amount of monoclinic zirconia (9.37 %) making this sample 

somewhat denser. 

Due to the confirmed presence of some monoclinic zirconia after sintering in the 

samples, it can be expected a slight deleterious effect that will affect the following tests. 

 

4.2.3.3. Microstructure 

 

The selected doped sintered samples were thermally etched and observed by 

scanning electron microscopy. The obtained micrographs were used to evaluate the 

microstructure and determine their grain size. The obtained images for each doped 2YSZ 

composition are exhibited in Figure 67. 

 

Figure 67. SEM micrographs obtained from the thermal etched doped samples: A) 2YSZ+0.5 
wt% CeO2; B) 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3. 

From the obtained images, a different microstructure can be clearly noticed. In 

relation to the sample doped with ceria (Figure 67 – A), an segregation of the granules is 

noticed while in the sample doped with both oxides (silica and lanthana), Figure 67 - B, a 
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well dispersed microstructure and without segregation of the granules was observed. The 

density of CeO2 doped 2YSZ samples reached slightly lower values (around 97 %) in 

comparison with the 2YSZ doped with both oxides (approximately 98 %). From these 

density values, it is possible to assume that this visible porosity, appear only at the surface 

of the material.  

The mean grain size of the both selected doped samples was also determined from 

SEM micrographs. This procedure was performed in the same conditions as the other 

samples in the preliminary study (two micrographs for each composition, with the same 

magnification), using the linear interception method. The obtained results for the mean 

grain sizes are summarized in Table 25.  

Table 25. Mean grain size of each composition determined by line interception method. 

Composition Mean grain size (nm) 

2YSZ+0.5 wt% CeO2 275±9 

2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 308±8 

Regarding Table 25, it can be noticed that a similar mean grain size was achieved 

for both samples when compared with the mean grain sizes obtained for the starting 

samples (345 and 297 nm for 2YSZ+0.5 wt% CeO2 and2YSZ+0.25 wt% SiO2+1.07 wt% 

La2O3, respectively). A less stabilized zirconia (2 mol% yttria) is beneficiated by the 

presence of smaller grain size, while larger grains make the sample more vulnerable to 

spontaneous phase transformation of zirconia [4], [21]. Considering that relatively small 

mean grain sizes were achieved, good results regarding ageing resistance for both 

selected samples would be expected. 

As previously mentioned, in the work published by Ragurajan et al. [47], the sample 

doped with CeO2 presented a homogenous microstructure and a small grain size. In the 

present experimental work, the sample doped with CeO2 (0.50 wt%) also presented a 

smaller grain size (275 nm). However an irregular surface is observed. 

In relation to the composition doped with SiO2 and La2O3 oxides, it was reported in 

literature that, such as density, the addition of these dopants do not cause significant 

variation of the grain size [53], [60]. As a dopant, lanthana does not cause a significant 

variation of the grain size [53] neither causes a decrease in the zirconia grain size. This is 

associated with the segregation of La3+ cation at the zirconia grain boundary [55]. A slightly 

higher value of the mean grain size was observed for the composition doped with both 

oxides (SiO2 and La2O3), 308 nm, comparing to the zirconia doped with CeO2 (275 nm). 
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4.2.3.4. Mechanical properties 

 

Mechanical tests of doped 2YSZ sintered samples were carried out in order to 

evaluate the effect of the addition of the selected dopants to 2YSZ on their hardness, 

fracture toughness and flexural strength. The outcome for each doped sample was 

compared between each one and with un-doped sample of 2YSZ commercialized by 

INNOVNANO. In Figure 68, the results of mechanical tests performed for doped zirconia 

samples are presented.  

 

Figure 68. Results obtained for Vickers Hardness, fracture toughness and flexural strength of the 
samples: A) 2YSZ+0.5 wt% CeO2; B) 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3. 

Regarding the obtained results of the mechanical properties, higher values were 

obtained for the sintered 2YSZdoped with both oxides samples (SiO2 and La2O3) in 

comparison to the CeO2 doped zirconia sample.  

Nevertheless, an enhancement of the mechanical properties would be expected for 

the sample doped with ceria since it has been reported that this dopant improves the 

mechanical properties of stabilized zirconia, principally the fracture toughness [47], [48]. 

However, regarding the mechanical properties, this effect was not visible in the sample 
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prepared for the present study. Comparing the achieved results with the results obtained 

by Ragurajan et al. [47], it was noticed that similar values of fracture toughness were 

achieved (6.07 MPa.m1/2 against 6.4 MPa.m1/2, respectively) while a slight decrease of the 

Vickers hardness (again, 1061 HV against 1346 HV) was observed. The obtained result 

of flexural strength for this sample was 468.4 MPa. Thus, the obtained results are not in 

conformity with results from previous studies that reported the increase of the fracture 

toughness and hardness. However, in terms of mechanical properties, this decrease might 

be related with the lower density obtained by this sample (around 97 %). Some of the 

porosity observed in the CeO2 doped zirconia microstructure (caused by burning of Teflon 

particles) led to a density decrease, which is not favorable for the mechanical properties. 

In relation to zirconia doped with silica and lanthana, it was reported that these two 

dopants play an important role on enhancing the ageing resistance [53], [60], but do not 

have a considerable effect on the mechanical properties [53], [60]. For this reason, the 

obtained values of mechanical properties of this doped sample are comparable, although 

slightly lower, to the reached results for the un-doped zirconia. Similarly to the fracture 

toughness parameter, the flexural strength is also a parameter influenced by spontaneous 

transformability phase of zirconia. This sample doped with both oxides present a higher 

value of fracture toughness when compared to the un-doped zirconia sample (9.68 

compared to 8.92 MPa.m1/2, respectively). Regarding the other mechanical parameters 

(hardness and flexural strength) a decrease in relation to un-doped 2YSZ is verified. A 

slight decrease of hardness is verified (1159 against 1299 HV of the un-doped sample), 

being this difference rather higher in the case of the flexural strength (again, 700 to 1215 

MPa).  

Although a decrease in the mechanical properties of both doped samples compared 

to the un-doped zirconia sample is observed, the greatest decrease is noticeable for 

flexural strength (468.4 MPa for CeO2 doped 2YSZ, 700 MPa for SiO2 with La2O3 doped 

2YSZ and 1215 MPa for un-doped sample). The presence of porosity in both selected 

samples is the key factor to the higher decrease of this mechanical parameter.  

Regarding the fracture toughness, it is verified that the 2YSZ doped with both oxides, 

SiO2 and La2O3, obtained an higher result of this mechanical parameter in relation to the 

sample prepared in the prelaminar study, after being submitted a test of thermal ageing 

resistance during a period of 36 hours, (9.68 to 6.56 MPa.m1/2, after the treatment), as 

would be expected. On the other hand, CeO2 doped zirconia sample, which was milled at 

the University of Aveiro presented a lower value of fracture toughness comparatively to 

the identical sample prepared for the preliminary study, after being submitted to thermal 

degradation. This effect evidenced for this sample can be related to the lower density 
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presented by this sample (96.94 %), since the porosity make this sample less resistant to 

mechanical properties. 

Better values of mechanical properties would be expected if there was no influence 

by the ball mill process. If the density of these samples would have been better, higher 

values of mechanical properties should be attained.  

Also, the samples could have been pre calcinated until a certain temperature (given 

by a Thermogravimetric analysis – where the temperature of the Teflon decomposition 

would be defined) in order to decompose all the Teflon particles that were present on the 

powder suspensions, thus eliminate the porosity of the prepared samples. This way, it 

would be expected that the samples’ densities would increase, thus enhancing the 

mechanical properties of both selected samples. 

 

4.2.4. Accelerated Ageing Test 

 

The ageing resistance of zirconia was expected to be affected by the addition of the 

selected dopants. The presence of the monoclinic phase zirconia in the samples after 

being submitted to degradation tests is an ageing indicator. As mentioned, the grains of 

stabilized zirconia only with 2 mol% of stabilizer (Y2O3) are more susceptible to 

spontaneous transformation of tetragonal to monoclinic zirconia and for this reason, the 

dopants addition are important to slow down this transformability. 

In the literature it is referred that ceria presents an important role on the 

enhancement of YSZ mechanical properties (in particular the fracture toughness) [46]. 

Since the addition of CeO2 increases the transformability of zirconia, a slight increase in 

the monoclinic zirconia would be expected. On the other hand, the silica and lanthana 

oxides are reported to improve the Low Temperature Degradation (LTD) of YSZ ceramic. 

Therefore, the ageing resistance of the samples was expected to be improved, by slowing 

down the tetragonal to monoclinic transformation during the ageing hydrothermal tests.  

In order to investigate the behaviour of doped 2YSZ samples to hydrothermal ageing 

resistance, the samples were placed in a suitable autoclave and exposed to water steam 

at 134 ºC ± 2 ºC under a pressure of 0.2 MPa during a period of time of 5 hours. These 

tests were performed according to the ISO 13358:2008 [13] standard. The monoclinic 

content of each doped sample was quantified by X-ray diffraction after being submitted to 

an ageing environment. The obtained amount of monoclinic phase of zirconia was 

compared between each doped sample. The obtained results for each doped composition 

are presented in Figure 69.  
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Figure 69. Zirconia phases content (%) present for each aged doped 2YSZ sample: A) 2YSZ+0.5 
wt% CeO2; B) 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3. 

Regarding the results obtained for the aged doped 2YSZ, it can be verified that the 

2YSZ doped with ceria is the sample with greater amount of monoclinic zirconia (28.9 %). 

This was expected because this dopant oxide is more vulnerable to ageing since it is 

reported that this quaternary oxide, Ce4+, does not produce oxygen vacancies, therefore 

causing an increase of transformability of zirconia. This fact explains the reinforcement of 

the mechanical properties, mainly of the fracture toughness. However, it was also reported 

that doping zirconia with CeO2 leads to an increase of both tetragonality and stability [46], 

[49]. 

As mentioned, the obtained SEM image, Figure 67 – A, presented some porosity at 

the surface. One plausible explanation for the detection of monoclinic zirconia in higher 

amounts after the hydrothermal ageing test (28.9 %) can be related with an easier 

infiltration of the water species through the pores, into the sample. Thus, the doped 2YSZ 

grains present on the surface were more easily destabilized and transformed to the 

monoclinic phase of zirconia. Figure 70 compares the extension of the degradation 

between un-doped (commercialized by INNOVANANO) and doped 2YSZ samples, after 

their exposure to hydrothermal ageing test, during a period of five hours. In Figure 70 – B 

it is possible to observe the extension of the tetragonal to monoclinic transformation of the 

grains of zirconia.  

As expected, the 2YSZ doped with SiO2 (0.25 wt%) and La2O3 (1.07 wt%) does not 

present the same behaviour. It can be observed that both dopants successfully delayed 

the deleterious transformation upon hydrothermal ageing. This sample did not suffer a 
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significant degradation since it presented less than 9.87 % of monoclinic zirconia after 5 

hours of ageing tests, while the un-doped 2YSZ presented an amount of monoclinic 

zirconia above 15 %. This was the reason why these dopants were selected. Through 

addition of the ternary oxide, La3+(such as Y3+), a deceleration of transformability of 

tetragonal zirconia is promoted, because these cations have a lower valence than zirconia 

(Zr4+) which produces oxygen vacancies that maintain the charge balance [53], [54]. The 

achieved values for the sample of 2YSZ doped with SiO2 and La2O3 oxides are in 

agreement with the ones specified by the ISO 13356:2008 standard which refers that the 

fraction of monoclinic zirconia after 5 hours in autoclave at 134ºC ± 2 ºC under a pressure 

of 0.2 MPa must be below or equal to 25 %. 

As mentioned, these dopants, SiO2 and La2O3, enhance the tetragonal zirconia 

resistance to degradation, since they have a stabilizing function of zirconia. For this 

reason, the behaviour that was observed for CeO2 doped 2YSZ sample, is not observed 

for this sample. The monoclinic phase of zirconia remained insignificant despite the 

surface porosity present (Figure 67 - B). Therefore, it is possible to confirm that the 

addition of these oxides enhances the ageing resistance of the stabilized zirconia, even in 

the presence of surface porosity. In Figure 70 – C it is possible to observe that no 

significant degree of degradation was detected in SiO2 and La2O3 doped 2YSZ sample, 

which allowed to its successful stabilization. 
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Figure 70. SEM images of the cross-sections of the surfaces of the samples after 5 hours of 
hydrothermal ageing test: (A) un-doped sample (commercialized by INNOVNANO), (B) CeO2 

doped 2YSZ, (C) SiO2 and La2O3 doped 2YSZ. 

From the obtained SEM micrographs of the samples’ cross-sections, it is possible 

to observe that the degradation expands into the bulk of the un-doped sample. The same 

behaviour was observed for the ceria doped zirconia samples. In both mentioned samples 

it is perceptible the existence of porosity, grain pull-out and a disorganized structure, being 

these characteristics predominant of a monoclinic transformed region. Perceptible 

changes in volume occur during the phase transformations of zirconia. When expansion 

of grains’ volume occurs, stresses are created in the surroundings of the tetragonal grains, 

leading them to transform too. A grain removal induced by the stress applied in the grains, 

creates a crater on the surface of the material (Figure 70 – A, B). On the other hand, the 

cross-section of both oxides (SiO2 and La2O3) doped 2YSZ confirms that the degradation 

did not expand into the bulk. In contrast to the un-doped and CeO2 doped zirconia 

samples, in this sample it is evidenced a smooth and continuous surface, without the 

presence of grain pull-out, characteristic of a tetragonal fraction. Hence, it is possible to 

confirm that the SiO2 and La2O3 dopants in fact increased the ageing resistance, in 

comparison with the un-doped zirconia sample. 

For both doped 2YSZ samples it is possible to verify the presence of porosity on the 

bulk of these samples (Figure 70 – B, C). This effect, once again, is related with the burn 

of the Teflon particles during the sintering stage. 
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The thickness of the degraded layer of the most affected samples (un-doped and 

CeO2 doped 2YSZ sample) by hydrothermal tests is large enough to be measured. It was 

evaluated by the distance of the sharp uneven line from the surface until the transformed 

zone of the bulk for each of these aged samples (Table 24). 

Table 26.Evaluation by SEM micrographs of the transformed zone depth of the monoclinic fraction 

layer after hydrothermal tests. 

Compositions 
5 hours 

SEM (µm) 

C
o
n
tr

o
l 

2YSZ 5.521 

D
o
p
e

d
 

2YSZ+0.50 wt% CeO2 12.638 

From those results, it can be verified that the transformed zone has greatly extended 

into the doped sample (CeO2). A higher amount of monoclinic phase of zirconia, more 

than the required for the ISO standard (≤ 25 %), and the extension of the transformed 

zone (12.638 µm) was obtained for the CeO2 doped 2YSZ sample. For these reasons, a 

decay of the mechanical properties of this sample was expected. In order to investigate 

the extension of the degradation, the mechanical properties of the doped samples after 

the exposition to ageing environmental tests were analyzed. In Table 27 it is possible to 

verify the difference of both the amount of monoclinic phase of zirconia and the evolution 

of the mechanical properties before and after of the hydrothermal ageing tests. 

Table 27. Results of the mechanical tests for doped and un-doped 2YSZ samples before and after 

hydrothermal ageing. 

Samples 
ZrO2(monoclinic) 

(%) 
Hardness 

(HV) 

Fracture 
Toughness 
(MPa.m1/2) 

Flexural 
Strength 

(MPa) 

Un-doped 
Un-aged < 5 1299 8.92 1215 

Aged >15 >1280 ~ 7.50 ~ 1250 

2YSZ+0.50 wt% CeO2 
Un-aged 27.49 1061 6.07 468.4 

Aged 28.9 1048.2 5.47 52.95 

2YSZ+0.25 wt% 
SiO2+1.07 wt% La2O3 

Un-aged 9.37 1159 9.68 700 

Aged 9.87 1141 9.15 698 

In general, a decrease of the mechanical properties of both selected samples after 

being submitted to environmental degradations (5 hours) was observed. 
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There is a clear evidence that the extension of the surface porosity into the bulk 

compromises the integrity of the material. In CeO2 doped 2YSZ sample, the superficial 

degradation was prolonged to the inside of the bulk, leading to a substantial decline of the 

mechanical properties (Figure 70). These results support the previous interpretation, since 

a significant decrease in these properties was expected, if the degradation is prolonged 

into the sample’s bulk.  

After the ageing, there is a decay in the mechanical resistance (hardness and 

fracture toughness parameters) of the 2YSZ doped with ceria samples, in relation to their 

behaviour before this treatment (this decay was approximately 1.23 % for hardness and 

9.85 % for fracture toughness, respectively), which is related with the transformability of 

zirconia during the period of exposition to degradation environment. It was expected that 

the CeO2 dopant would lead to the improvement of the mechanical tests results, and would 

also provide some ageing resistance to YSZ, due the published results [46], [47]. However, 

due to the observed porosity in the microstructure, a density of approximately of 97 % and 

an amount of 27.49 % of monoclinic zirconia after sintering, makes this sample fragile. 

Therefore, an increase of the monoclinic zirconia occurred when this sample was 

submitted to a degradation environment (hydrothermal ageing test), being possible to 

observe that the degradation was prolonged into the sample. Due to these facts, a 

decrease of the mechanical resistance (hardness, fracture toughness and flexural 

strength) was observed. The higher decrease in flexural strength (468.39 MPa before the 

hydrothermal ageing to 52.95 MPa after the degradation treatment) observed for this aged 

sample is related with the presence of porosity and the amount of monoclinic phase of 

zirconia formed during the hydrothermal ageing test. The higher amount of monoclinic 

zirconia (28.9 %) and the porosity, made this sample more fragile. Therefore, the force 

required to fracture this sample is relatively lower. Several authors have mentioned that 

the reduction of this mechanical parameter is associated with the degradation of the 

sample due to the spontaneous phenomenon of transformation phases of the grains of 

zirconia [2], [7]. In Figure 71 an illustration of the crack indentation method carried out to 

a CeO2 doped zirconia stabilized sample is presented. It is perceptible how degraded this 

sample is, since this sample developed more micro-cracks than it would be expected (only 

at the corners of the indentation), which is a characteristic of an aged sample. The poor 

capacity to resist to crack propagation by this doped 2YSZ sample is noticed, which is 

related with the low obtained values of the mechanical properties. 
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Figure 71. Illustration of crack indentation method performed at CeO2 doped yttria stabilized 

zirconia. 

The ageing resistance of zirconia was enhanced with the addition of both dopants 

(SiO2 and La2O3). After hydrothermal ageing, a slight decrease of the mechanical 

resistance, in relation to the results obtained before degradation was observed. This slight 

decrease is related with the small amount of monoclinic phase of zirconia (9.87 %) formed 

during hydrothermal tests. Comparing all the mechanical properties presented by this 

sintered sample of SiO2 with La2O3 doped 2YSZ before ageing, a decay of less than 5.5 

% after five hours of hydrothermal tests was observed and a value higher than 500 MPa 

of flexural strength was obtained. Therefore, these results are also in agreement with the 

requirements of the ISO standard (13356:2008). In contrast, ceria doped 2YSZ sample 

does not satisfy the conditions required by the mentioned ISO standard. Firstly, this 

sample has an amount of monoclinic zirconia higher (28.9 %) than the specified by 

standard (≤ 25 %), a decay of mechanical resistance higher that 20 % and a flexural 

strength widely lower than that mentioned by referred ISO standard (≥ 500 MPa).  

The sample of 2YSZ doped with both oxides, SiO2 and La2O3, obtained an amount of 

monoclinic zirconia much lower that the un-doped zirconia (9.87 % to higher than 15 %). 

For this sample, a maximum value of fracture toughness of 9.15 MPa.m1/2 was obtained 

while the un-doped zirconia achieved a value above 7.50 MPa.m1/2. In relation to other 

mechanical parameters, such as hardness and flexural strength, a decrease was 

observed, which was higher for the latter parameter (698 MPa for doped sample and 

approximately 1250 MPa for the un-doped sample). The hardness value obtained was of 

1141 HV while the und-doped sample presented a value above 1280 HV.  

Throughout the hydrothermal test of silica with lanthana doped 2YSZ samples, the 

degradation did not progress into the bulk, which prevented the decay of the mechanical 

properties. Thus, the material’s integrity was successfully maintained since the 
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degradation was restricted only at surface of this sample. Therefore, it can be assumed 

that the small monoclinic fraction detected by X-ray analysis is only present on the 

polished surface of the sample, and after five hours of ageing, no signal of serious 

degradation was observed. By doping 2YSZ with SiO2 and La2O3, an improvement of the 

ageing resistance was achieved when compared with the un-doped 2YSZ sample. With 

this dopants implementation, the sample’s mechanical properties, after 5 hours of ageing 

tests, were practically kept the same in relation to sample before ageing. Hence, thanks 

to a set of characteristics and the used preparation methods, namely, the spray dried 

powders, pressing and sintering, the mechanical properties after the testing time, showed 

only a slight decrease. 
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5. Conclusions and Future Work 
 

The identification of the mechanism of the toughening transformation presented by 

zirconia brought advantages when compared with others ceramic materials. The tetragonal 

to monoclinic transformation presented by zirconia is the key issue for the use of zirconia 

bioceramics in biomedical applications (arthroplasty and dental devices). However, the 

disastrous happenings of Prozyr® femoral heads implants of zirconia (Saint Gobain 

Desmarquest) caused by their high fracture rates in vivo, led to various studies regarding 

the behaviour of zirconia ceramics, accomplished by the scientific and orthopedic 

communities, where a special emphasis has been given to the critical issue of zirconia’s 

degradation. The ageing phenomenon causes an undesirable impact to biomedical devices, 

which compromise the implants’ functionality after prolonged exposure to wet environments, 

in a process denominated as Low Temperature Degradation (LTD). In order to answer to 

this deleterious degradability of zirconia, the addition of small amounts of dopants oxides 

on YSZ powders, present a clear benefit for preventing ageing, while preserving its 

outstanding toughness and strength. Therefore, the biomedical devices require a full control 

of their characteristics upon the producing stages in order to maximize their mechanical 

properties, ageing resistance and reliability in vivo, to guarantee to humans a better quality 

of life. 

In this work several dopant oxides (CeO2, SiO2, Al2O3, La2O3, Yb2O3, MnO2), with 

different concentrations were used to dope the 2YSZ ceramic with the purpose to enhance 

its thermal ageing resistance and/or mechanical properties.  

Nanostructured raw powders with a narrow particle size distribution allied to a milling 

and optimized spray-drying stage allowed the achievement of micrometric dense doped 

2YSZ granules. One stage of pressing (uniaxial pressing) and relatively low sintering 

temperatures (1350 ºC and 1400 ºC (for ytterbia doped 2YSZ)) were applied and allowed 

the effective achievement of high density doped samples (higher than 90 % until near 99 

%, regarding the theoretical values, for doped 2YSZ sintered samples). Thermal ageing 

tests were carried out and the amount of monoclinic zirconia (indicator of degradation) was 

determined after 12 and 36 hours in a laboratory furnace (at 200 ºC). A good ageing 

resistance for 2YSZ doped with ceria (0.50 wt%) at intermediate time of procedure of 

treatment was achieved. A suitable thermal ageing resistance was obtained for 2YSZ 

ceramics doped with ytterbia, and silica with lanthana. Although 2YSZ doped with CeO2, 

SiO2 and MnO2 (0.025 wt% and 0.05 wt%) showed higher amounts of monoclinic zirconia, 

it was demonstrated that the degradation caused by ageing tests did not progressed into 
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the bulk. However, for the samples of zirconia doped with a higher amount of MnO2 (0.25 

wt%) it was observed that the degradation penetrates into the bulk. In addition, for the doped 

samples with a small grain size, good mechanical properties, specifically fracture 

toughness, were achieved. Although an enhancement of the ageing resistance of ytterbia 

doped zirconia was achieved, a decay of the mechanical properties of these samples was 

verified, which is related with their higher grain size (432 – 3525 nm). Relatively to the 

sample of zirconia doped with manganese oxide (0.25 wt%), a progression of the 

degradation into the bulk was observed, which led to a decrease of the sample’s mechanical 

resistance. 

The samples 2YSZ+0.50 wt% CeO2 and 2YSZ+0.25 wt% SiO2+1.07 wt% La2O3 were 

further selected in order to study their hydrothermal ageing resistance and mechanical 

properties comparatively to the un-doped 2YSZ. The spray-drying parameters were 

maintained and two stages of pressing (uniaxial and cold isostatic pressing) were applied, 

in order to attain a higher densification of these sintered doped samples. The sintering 

conditions were the same as the previous ones. However, a decay of the final density of 

both sintered doped samples, when compared with the theoretical values, was observed. 

This decay was related with the milling procedure of the particles, in which Teflon particles 

from the milling jar passed to the aqueous suspension of both compositions, causing a 

decrease of the samples’ final density after sintering (1.71 % for 2YSZ doped with CeO2 

and 0.97 % for SiO2 with La2O3, relatively to the previous prepared samples of the 

preliminary study). For both selected doped samples, different microstructures were 

observed in terms of segregation of the grains. For the sample doped with ceria the lowest 

density was obtained due to the presence of some surface porosity and, therefore the most 

accentuated decrease of the mechanical resistance was observed for this sample.  

Accordingly to the literature, with the addition of CeO2 to 2YSZ material, an 

enhancement of the mechanical properties, especially the fracture toughness, would be 

expected. However, due to the sample’s surface porosity and consequent lower density 

combined with the higher amount of monoclinic zirconia obtained after the sintering stage 

(27.49 %) a decrease of the mechanical parameters was verified. A maximum of fracture 

toughness of 6.07 MPa.m1/2 was obtained for CeO2 doped 2YSZ, while the 2YSZ doped 

with SiO2 and La2O3 achieved a value of 9.68 MPa.m1/2. 

A 5 hours hydrothermal ageing treatment was carried out for both selected doped 

2YSZ samples, according with the specifications of ISO 13356:2008 (134 ± 2ºC, and 0.2 

MPa). 
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The cross-section of the doped and un-doped samples, after this treatment, were 

observed by SEM. The presence of grain pull-out on the bulk of both un-doped and ceria 

doped 2YSZ samples was observed. The hydrothermal ageing tests demonstrated the 

vulnerability of these samples to Low Temperature Degradation, since a higher amount of 

monoclinic zirconia was detected (28.9 % for CeO2 doped 2YSZ and a value higher than 

15 % for un-doped sample), which makes that degradation to progress into the bulk. The 

same behaviour was not observed for the sample of zirconia doped with silica and lanthana. 

This sample presented a lower amount of monoclinic zirconia (9.87 %) after being submitted 

to a degradation environment. From this evidence it can be assumed that this doped sample 

successfully hindered the degradation and compelled it to the material’s surface.  

Concurrently, a deleterious effect on the mechanical properties of the aged ceria 

doped 2YSZ sample was observed. Once again, this confirmed that the sample’s surface 

porosity and resulting lower density along with a higher amount of monoclinic phase of 

zirconia obtained after ageing test, makes this sample to be more fragile. The amount of 

monoclinic phase of zirconia and the obtained result of flexural strength (52.95 MPa) are 

not in accordance with the requirements reported by ISO 13356:2008, since this standard 

specifies that the amount of monoclinic zirconia should be equal or below 25 %, and the 

residual biaxial and bending strength of the aged composites should not decrease more 

than 20 % after this test. Nevertheless, by the obtained results of the mechanical tests on 

the aged samples, it was verified that the mechanical properties were practically maintained 

for the composition that demonstrated a good ageing resistance (SiO2 with La2O3 doped 

2YSZ). These results were somehow expected, since these dopants should not influence 

the mechanical properties, but only decelerate the tetragonal to monoclinic transformation, 

resulting in an improvement of the ageing resistance. These samples achieved an amount 

of monoclinic phase of zirconia of 9.87 %, which is much lower that the obtained for un-

doped 2YSZ (higher than 15 %). For this sample, a maximum value of fracture toughness 

of 9.15 MPa.m1/2 was obtained while the un-doped zirconia achieved a value above of 7.50 

MPa.m1/2. In relation to other mechanical parameters, such as hardness and flexural 

strength, a decrease was observed, being this decrease higher in the latter parameter (698 

MPa to approximately 1250 MPa). However, between the sintering and ageing (5 hours) 

stages, there was a decay of less than 5.5 % on the sample’s mechanical properties 

(hardness, fracture toughness and flexural strength). Hence, the obtained results of 

mechanical properties and the amount of monoclinic zirconia presented by this doped 

sample are in conformity to the specifications of ISO standard.  
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Finally it can be concluded that samples of doped 2YSZ with improved thermal ageing 

resistance and mechanical properties (fracture toughness) were achieved. A further study 

(with the doped 2YSZ samples that demonstrated the best mechanical and ageing 

performances) was performed in order to evaluate their hydrothermal ageing resistance and 

mechanical behaviour. A decrease of the mechanical properties was observed for both 

selected doped samples. The most promising result was obtained for the Low Temperature 

Degradation resistance of 2YSZ doped with SiO2 and La2O3, with good density values and 

a fine microstructure that completely hindered the degradation. The sample’s mechanical 

properties, after 5 hours of ageing tests, were practically kept the same in relation to the 

sintered sample (before ageing). By doping the zirconia sample with SiO2 and La2O3, it was 

possible to attain a lower content of the monoclinic phase when compared with the un-

doped stabilized zirconia samples.  

 

 

Future Work  

The obtained results throughout this study lead to a few suggestions for the 

continuation of this work. A continuation of this study will allow the unveiling of certain 

aspects that would clarify certain results and behaviour of determined samples. Therefore, 

some future work is suggested: 

- The samples of 2YSZ doped with ytterbia exhibited a significant improvement of 

ageing resistance when compared with the un-doped, however the mechanical 

properties, due to the higher grain size, significantly decay. It is then suggested 

the production of this doped 2YSZ sintered at a slightly lower temperature in order 

to improve the mechanical properties, but maintaining the excellent ageing 

resistance; 

- In order to guarantee the excellent characteristic of the doped 2YSZ materials, an 

efficient deagglomeration process must be ensured. If the selected compositions 

have been deagglomerated in the same equipment used with the initial samples, 

the problems with Teflon particles would not occur and better densifications and 

enhancement of the characteristics of this doped ceramics would be obtained; 

- An additional stage of hot isostatic pressing is also proposed to optimize the 

results, by improving the densification (suppressing some remaining porosity) and 

in particular, to enhance the characteristics of the 2YSZ samples such as their 

ageing and mechanical resistances.  
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