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PREFACE 

 

The work presented in this thesis is the result of the research developed by the 

author, thanks to the Spanish fellowship MINECO FPI BES-2015-075036 

associated with the project MAT2014-60720-R. The experimental work was 

developed between May 2016 and May 2020 in the Centre d’Integritat 

Estructual, Fiabilitat i Micromecànica dels Materials (CIEFMA) group belonging 

to the Department of Materials Science and Engineering (CEM) at the Universitat 

Politècnica de Catalunya (UPC) under the supervision of professors Emilio 

Jiménez and Marc Anglada. Two research stays were carried out in two 

distinguished institutes: Instituto de Cerámica y Vidrio (Madrid, Spain), in the 

Tailoring through Colloidal Processing group, with the assistance of professor 

Begoña Ferrari for two months, and the Institut National des Sciences Appliquées 

INSA (Lyon), in the Mateis group, under the supervision of professor Helen 

Reveron for three months.  

This thesis is presented as a compendium of publications and is organized into 

five chapters: Chapter 1. Motivations. Chapter 2. Introduction. The state of the 

art of zirconia. Chapter 3. Objectives. Chapter 4. Experimental procedure 

including processing, microstructural and mechanical characterization. Chapter 

5. Summary of the results.  Chapter 6. Conclusions and future work and Chapter 

7. Includes the manuscripts published.  

 

 

 

 

 

—Daniela Tovar Vargas 
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ABSTRACT 

 

In recent years, zirconia ceramics have been used in many applications. Some of 

them include tool forming due to their high strength and fracture toughness, 

thermal barrier coatings on turbine engines due to its low thermal conductivity, 

as an electrolyte in the elaboration of  Solid Oxide Fuel Cells (SOFC) for its high 

ionic conductivity, and in the manufacture of dental implants for their 

biocompatibility and aesthetic appearance. Biomedical zirconia is mainly 

tetragonal zirconia doped with 3 mol% of yttria (3Y-TZP). However, it is sensitive 

to the hydrothermal degradation phenomenon. This is the reason for 

investigating the processing and mechanical properties of ceria doped zirconia-

based ceramics since their aging resistance is excellent and well established.  But, 

Ce-TZP ceramics present low strength due to their large grain size. Many studies 

have been devoted to finding a way to reduce grain size. 

Several methods have been proposed, such as the addition of another stabilizer, 

a second phase, the improvement of powder processing, or the modification of 

the sintering conditions. Following the above ideas, this thesis aims to reduce the 

grain size in 10Ce-TZP (10 mol% CeO2), with the aim to increase the strength by 

three different strategies. The first one has been manufacturing composites with 

alumina (α-Al2O3) addition by colloidal processing. The second one uses calcium 

oxide (CaO) as a co-stabilizer as well as adding alumina (α-Al2O3)  as a second 

phase. The third strategy was directed to improve processing by combining ball 

milling, slip casting, and subsequent powder grinding. In all these studies, 

microstructural characterization and mechanical tests have been performed. The 

hydrothermal degradation test was also undertaken to evaluate the resistance 

of the elaborated composites to aging. The results obtained in the two first 

strategies showed a reduction in the grain size, which led to an increase in 

hardness and strength. However, the grain size was less reduced with the third 

strategy so that only a moderate fracture toughness and a slight increase in 

hardness and strength were achieved compared to the 10Ce-TZP base material. 

A high hydrothermal degradation resistance was achieved for all the elaborated 

composites.  
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RESUMEN 

 

En los últimos años, las cerámicas de circona se han utilizado en muchas 

aplicaciones, incluyendo el conformado de herramientas por su alta resistencia 

y tenacidad a la fractura, recubrimientos de barrera térmica en motores de 

turbinas por su baja conductividad térmica, como electrolito en la elaboración 

de Pilas de Combustible de Óxido Sólido (SOFC) por su alta conductividad iónica, 

y en la fabricación de implantes dentales por su biocompatibilidad y apariencia 

estética. La circona biomédica es principalmente circona tetragonal dopada con 

un 3% molar de itria (3Y-TZP). Sin embargo, es sensible al fenómeno de 

degradación hidrotérmica. Esta es la razón para investigar el procesamiento y las 

propiedades mecánicas de la circona dopada con ceria, debido a su alta 

resistencia al envejecimiento. Sin embargo, la circona dopada con ceria presenta 

baja resistencia mecánica debido a su gran tamaño de grano. Se han dedicado 

muchos estudios a encontrar una forma de reducir el tamaño de grano. Se han 

propuesto varios métodos, como la adición de otro estabilizador, o una segunda 

fase, la mejora del procesamiento del polvo o la modificación de las condiciones 

de sinterización. Siguiendo las ideas anteriores, esta tesis tiene como objetivo 

reducir el tamaño de grano en cerámicas 10Ce-TZP (10% mol de CeO2), con el 

objetivo de aumentar la resistencia mediante tres estrategias diferentes. La 

primera ha sido la fabricación de compuestos con adición de alúmina (α-Al2O3) 

mediante procesamiento coloidal. La segunda ha sido utilizar óxido de calcio 

(CaO) como co-estabilizador y añadir alúmina (α-Al2O3) como segunda fase. La 

tercera estrategia ha sido dirigida a mejorar el procesamiento mediante la 

combinación de molienda de bolas, moldeo por barbotina y posterior molienda 

de polvo. En todos estos estudios se ha realizado una caracterización 

microestructural, y mecánica. También se ha medido la degradación 

hidrotérmica para evaluar la resistencia de los compuestos elaborados al 

envejecimiento. Los resultados obtenidos en las dos primeras estrategias 

mostraron una reducción del tamaño de grano, lo que condujo a un aumento de 

la dureza y la resistencia mecánica. Sin embargo, en la tercera estrategia, el 

tamaño de grano se redujo menos que en las estrategias anteriores, lo que 

permitió obtener una tenacidad de fractura moderada y un ligero aumento de 

dureza y resistencia en comparación con el material base 10Ce-TZP. Se logró una 

alta resistencia a la degradación hidrotérmica para todos los compuestos 

elaborados en todas las estrategias. 
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RESUM 

 

En els últims anys, les ceràmiques de zircònia s'han utilitzat en moltes 

aplicacions, inclouen la conformació d’eines per la seva alta resistència i tenacitat 

a la fractura, recobriments de barreres tèrmiques en motors de turbines per la 

seva baixa conductivitat tèrmica, com a electròlit en l’elaboració de cèl·lules de 

combustible d’òxid sòlid (SOFC) per la seva alta conductivitat iònica i la fabricació 

d’implants dentals per la seva biocompatibilitat i aspecte estètic. La zircònia 

biomèdica és principalment zircònia tetragonal dopada amb un 3% molar d’ítria 

(3Y-TZP). Tot i això, és sensible al fenomen de la degradació hidrotèrmica. 

Aquesta és la raó per investigar el processament i les propietats mecàniques de 

les ceràmiques basades en zircònia dopades amb ceria, ja que la seva alta 

resistència a l’envelliment està ben establerta. Les ceràmiques Ce-TZP presenten 

poca resistència mecànica a causa de la seva gran mida de gra. S'han dedicat 

molts estudis a trobar una manera de reduir la mida del gra. S'han proposat 

diversos mètodes, com ara l'addició d'un altre estabilitzador o una segona fase, 

la millora del processament de pols o la modificació de les condicions de 

sinterització. Seguint les idees anteriors, aquesta tesi pretén reduir la mida del 

gra de 10Ce-TZP (10 mol% CeO2), amb l'objectiu d'augmentar la resistència 

mecànica mitjançant tres estratègies diferents. La primera ha estat fabricar 

compostos amb addició d’alúmina (α-Al2O3) mitjançant processament col·loidal. 

La segona ha utilitzat l’òxid de calci (CaO) com a co estabilitzador i afegir alúmina 

(α-Al2O3) com a segona fase. La tercera estratègia es dirigeix a millorar el 

processament combinant el molí de boles, el conformat per barbotina i la 

posterior molta de pols. En tots aquests estudis s’ha realitzat una caracterització 

microestructural i mecànica. També s’ha mesurat la degradació hidrotèrmica per 

avaluar la resistència dels envasos compostos elaborats. Els resultats obtinguts 

en les dues primeres estratègies van mostrar una reducció de la mida del gra, 

que va conduir a un augment de la duresa i la resistència. No obstant això, en la 

tercera estratègia, la mida del gra no es va reduir tant com en les estratègies 

anteriors, cosa que va permetre obtenir una tenacitat de fractura moderada i un 

lleuger augment de la duresa i resistència en comparació amb el material base 

10Ce-TZP. Es va aconseguir també una alta resistència a la degradació 

hidrotèrmica per a tots els compostos elaborats en totes les estratègies.  
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1 MOTIVATION  

 

One of the most commonly used advanced ceramics is zirconia due to its 

excellent mechanical properties such as strength and fracture toughness. 

Zirconia also stands out in other fields for its use as a thermal coating barrier (low 

thermal conductivity) and as an electrolyte for the elaboration of Solid Oxide Fuel 

Cells (SOCFs) due to its high ionic conductivity.  It is also used as a biomaterial; 

its inert nature does not generate any allergic reaction in the body, leading to 

high biocompatibility. In medical applications, zirconia has been used in the 

production of prostheses of femoral heads. In recent years has been increasingly 

used in the dental industry, given its aesthetic appearance similar to that of 

teeth, allowing the elaboration of implants and dental crowns.  

After the failure of Prozyr® femoral heads made of 3Y-TZP [1] triggered by 

hydrothermal degradation,  the focus, and interest of the scientific community 

has been addressed to solve this problem. Replacement of the yttria stabilizer by 

ceria has improved the hydrothermal degradation resistance and the fracture 

toughness, but both strength and hardness decrease because of large grain size.  

This thesis focuses on finding a way to reduce the grain size in 10Ce-TZP ceramics 

to improve mechanical properties like strength and hardness. This is achieved by 

using other co-stabilizers and second phases, and by exploring different 

processing routes. 

In order to summarize all the proposed ideas to reduce the grain size, enhance 

mechanical properties and maintain the hydrothermal degradation resistance, 

Figure 1 shows a scheme of the three different processing routes, which are 

described in three published manuscripts.  
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Figure 1. Scheme of the three different processing routes allowing to reduce the grain 
size, enhance mechanical properties, and maintain aging resistance. 

 

 



MOTIVATION 

5 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2. INTRODUCTION 



PROCESSING, MICROSTRUCTURE, AND MECHANICAL PROPERTIES OF CERIA-STABILIZED 
ZIRCONIA-BASED CERAMICS CO-DOPED WITH CALCIA AND ALUMINA 

 

6 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

7 
 

2 INTRODUCTION  

 

2.1  Zirconia Ceramics   
 

Zirconium oxide or zirconium dioxide (ZrO2), also known as zirconia, is present in 

nature in the baddeleyite mineral form. The name of the zirconium comes from 

the two Persian words “Zar” (Gold) and “Gun” (Colour), which together form the 

Arabic word “Zargon” (golden in color). Zirconia was identified in 1789 by the 

German chemist Martin Heinrich Klaproth as a reaction product after heating 

some gems [2].  

 

2.2 Zirconia Phases 

 

Zirconia has three different polymorphisms.  Monoclinic (m) is present in nature 

at room temperature. When the temperature is increased around 1170°C, it 

transforms to the Tetragonal (t) phase. It is this tetragonal phase the one which 

exhibits better mechanical properties as compared to other phases. The Cubic 

(c) phase appears at a temperature of 2370°C. The three allotropies of zirconia 

can be observed in Figure 2.     

 

 

 

 

Figure 2. Zirconia phases with the variation of temperature. (Reproduced with 
permission from [3]).  

 

Table 1 summarizes the lattice parameters of the three zirconia crystalline 

phases, the Miller index, the main peaks observed in XRD, and the density.  The 

cubic phase of zirconia has a fluorite crystal structure, while the tetragonal and 

monoclinic phases have small distortions in the lattice.   
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Table 1. Lattice parameters of the zirconia crystalline phases. (Reproduced with 
permission from [4]). 

Crystalline 
Structure 

Spatial 
Group 

Lattice 
Parameters (Å) 

Miller 
index 

Main XRD 
peak (2θ) 

Density 
(g/cm3) 

Monoclinic phase 
m-ZrO2 

P21/c 
a=5.1415  
b=5.2050 
c=5.3128  

(-111), 
(111) 

 28°, 
32° 

5.82 

Tetragonal phase 
t-ZrO2 

P42/n
mc 

a=b=5.0910 
c=5.1790  

(101) 30° 6.12 

CeO2 doped ZrO2 
Tetragonal phase  

t-ZrO2 

P42/n
mc 

a=3.626 
c=5.226 

(101) 30° 6.25 

Cubic phase 
c-ZrO2 

Fm3m 
a=b=c= 5.1350 

β=90° 
(101) 30° 5.83 

 

As mentioned above, the tetragonal phase presents high mechanical properties, 

but the problem is that this phase is not stable at room temperature. One way 

to retain this phase is through stabilizers, usually oxides. Section 2.5 will show 

the types of stabilization, and section 2.6, the most common stabilizers used. 

One of the main advantages of zirconia over other ceramic materials is the phase 

transformation toughening mechanism, which increases its crack propagation 

resistance [1][5]. This mechanism will be better explained in section 2.9. 

However, one drawback of the metastable tetragonal phase is the aging at low 

temperatures and humid environments. This phenomenon, referred to as 

hydrothermal degradation, will be discussed in section 2.10. 

 

2.3  Applications 
 

The wear-resistant, refractory and abrasive properties of zirconia allowed it to 

be used to manufacture parts as valves and port liners for combustion engines. 

The low corrosion, low thermal conductivity, and thermal shock resistance make 

zirconia ceramics suitable to manufacture Thermal Barrier Coatings (TBC) in 

turbine engines [6,7]. Due to its high ionic conductivity, zirconia is chosen as solid 
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electrolyte in the performance of Solid Oxide Fuel Cells (SOFC) and oxygen 

sensors [8][9]. Finally, zirconia has good stability, high mechanical strength, and 

high fracture toughness, making the zirconia a good candidate as a biomaterial 

to replace materials like titanium or alumina in the hip head prosthesis. Table 2 

shows the mechanical properties of different ceramics employed in the medical 

industry. The first use of zirconia as bioceramic was in 1969 by Helmer and 

Driskell [10]. Christel et al. [11] published the first paper describing the 

manufacture of ball heads for Total Hip Replacements (THR). Finally, in recent 

years, zirconia ceramics have been used in the dentistry industry to manufacture 

dental implants due to their biocompatibility, inert behavior, and aesthetic 

appearance.  

 

Table 2. Mechanical properties of different ceramics. (Reproduced with permission 
from [12]). 

Material 
Toughness 
(MPa m1/2) 

Strength 
(MPa) 

Vickers 
Hardness 

Alumina 4.2 400-600 1800-2000 
Zirconia 5.4 1000 1200-1300 
A10Z0Y 5.8 700-900 1800 
Hydroxyapatite 0.9 50-60 500 
Tricalcium phosphate 1.3 50-60 900 
Mg-PSZ 8 600 1000 
12Ce-TZP 7.8 700 1000-1100 
Micro-nano-alumina-
zirconia 

6 600 1800 

Nano-nano-Ce-TZP-alumina 8.4 900 1300 

 

 

2.4  Classification 
 

There are several types of zirconia ceramics microstructures that depend on the 

kind of dopant and crystalline phases. The main categories are: 
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Partially Stabilized Zirconia (PSZ): Usually composed of cubic zirconia (c-ZrO2) 

matrix with tetragonal zirconia precipitates [13], where the more usual dopants 

are the divalent cations MgO and CaO that present low solubility in zirconia [14]. 

Tetragonal Zirconia Polycrystals (TZP): In all the matrix of zirconia-based 

ceramics, the grains are stabilized in the tetragonal phase at room temperature 

due to the addition of one stabilizer, commonly yttrium oxide (Y2O3) or cerium 

oxide (CeO2), named yttria-stabilized zirconia and ceria-stabilized zirconia 

respectively. The dopant amount appears in the first part of the acronym, i.e., 

3Y-TZP is referred to as zirconia stabilized with 3 mol% Y2O3 [14].  

Fully Stabilized Zirconia (FSZ): Zirconia in its cubic form, generally obtained with 

a large stabilizer concentration, for example, more than 8 mol% of Y2O3 [15]. 

Figure 3 shows the three microstructures of the main types of zirconia ceramics, 

which exhibit phase transformation toughening. In addition, it shows the 

microstructure of a composite of zirconia toughened alumina named ZTA 

[14][16].  

 

 

 

 

 

 

 

 

 

Figure 3. Representation of the microstructure of the main types of zirconia and 

composites: a) Full Stabilized Zirconia (FSZ), b) Tetragonal Zirconia Polycrystals (TZP), c) 

Partially Stabilized Zirconia (PSZ), and d) Zirconia Toughened Alumina (ZTA). (Reproduced 

with permission from [14]). 
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2.5  Types of Stabilization  
 

There are several forms to stabilize the tetragonal zirconia phase at room 

temperature. One way is adding oxides as a stabilizer. Yttrium oxide (Y2O3) is the 

most common oxide for stabilizing the tetragonal zirconia phase due to the 

generation of oxygen vacancies in the lattice, as depicted in Figure 4a. However, 

the drawback when Y2O3 is employed is the presence of aging in the material. 

Aging or Low-Temperature Degradation will be described in detail in section 2. 

10.  Another oxide used in the stabilization of zirconia is cerium oxide (CeO2) (see 

Figure 4c). This oxide does not generate oxygen vacancies in the lattice, replaces 

Zr4+ with Ce4+, and retains the fluorite structure. The problem with CeO2 is the 

reduction of Ce4+ to Ce3+, which makes a considerable change in the zirconia 

lattice. Figure 4 summarizes the lattice replacements.  

 

 

 

 

 

 

 

Figure 4. Types of stabilization for zirconia-based ceramics: from a) yttria-stabilized 

zirconia (with oxygen vacancies), b) zirconia stabilized by a combination of tri- and 

pentavalent ions, and c) ceria-doped zirconia ceramics. (Reproduced with permission 

from [14]).    

 

2.6  Stabilizers  
 

Stabilizers are oxides that allow the zirconia tetragonal phase to be stabilized at 

room temperature, although it is not an equilibrium phase. This is the reason 

why it does not appear at room temperature in the different equilibrium phase 

diagrams (see, for example, Figure 7 for the important ZrO2-Y2O3 system). 



PROCESSING, MICROSTRUCTURE, AND MECHANICAL PROPERTIES OF CERIA-STABILIZED 
ZIRCONIA-BASED CERAMICS CO-DOPED WITH CALCIA AND ALUMINA 

 

12 
 

However, it is often found as a metastable phase. Along with temperature, the 

amount of oxide is one of the most important factors for the tetragonal phase 

stabilization. As shown in the phase diagrams, when the amount of stabilizer is 

relatively low, the monoclinic phase is the only phase present, while over a given 

amount of stabilizer, the tetragonal phase appears. At higher amounts of 

stabilizer, the cubic phase is the equilibrium phase. Some of the most common 

stabilizers are presented below.  

 

2.6.1 Magnesium oxide: Magnesia (MgO) 
 

Magnesium oxide has been employed as one of the first stabilizers to retain the 

tetragonal phase of zirconia (less to 2 mol% MgO) and control the microstructure 

due to the reduction in the grain boundary mobility [17]. The phase diagram of 

zirconia and magnesia can be appreciated in Figure 5.  

Magnesia has also been combined with other oxides( i.e., ceria) to improve 

tetragonal phase stability and enhance densification at lower sintering 

temperatures [18]. Furthermore, Mg2+ can be added in aluminates form 

(MgAl2O4) to form a composite (i.e., Ce-TZP/MgAl2O4) that helps in the reduction 

of the grain size. According to the grain size reduction, the strength is enhanced 

by the decrease in transformability and maintains the fracture toughness in high 

values [19].  
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Figure 5. ZrO2-MgO phase diagram. The shaded area shows frequently used 

compositions for commercial engineering ceramics (Mg-PSZ). In addition, arrows indicate 

the preferential annealing or aging temperatures. (Reproduced with permission from 

[20]). 

 

2.6.2 Calcium oxide: Calcia (CaO) 
 

Calcium oxide has been used to suppress the grain growth in zirconia ceramics. 

The addition of only 1 mol% allows the stabilization of the tetragonal phase of 

zirconia as well as the reduction in the grain size. The ZrO2-CaO phase diagram is 

depicted in Figure 6.    

More addition of calcium oxide as a stabilizer (> 1 mol%) tends to produce large 

cubic grains [21]. Several studies have used Ca2+ to stabilize the tetragonal 

zirconia phase obtaining Ca-TZP [22,23]. 

In terms of solubility, Ca2+ has a high effect on the reduction of grain size 

compared with other divalent or trivalent cation dopants as Mg2+ or Y3+ when is 

added in zirconia ceramics as 12Ce-TZP base material [24].  
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Figure 6. ZrO2-CaO phase diagram. (Reproduced with permission from [25]). 

 

2.6.3 Yttrium Oxide: Yttria (Y2O3) 
 

As shown in the ZrO2-Y2O3 phase diagram (Figure 7),  different zirconia phases 

are stabilized depending on the amount of oxide, as mentioned above. For 

example, with 3 mol% of Y2O3, the tetragonal phase is completely stabilized. 

Increasing the yttrium content presents a mixture of the phases, such as an 8 

mol% Y2O3 is presented both the tetragonal and the cubic phase, and fully cubic 

phase for values of 10 mol% Y2O3.  

It is desired to stabilize the tetragonal phase at room temperature because it 

results in high mechanical properties due to phase transformation. This phase 

transformation occurs after the application of stress in the material that 

enhances fracture toughness by crack closure. The explanation of this 

mechanism is presented in section 2.9. The amount of the oxide is significant to 

stabilize the tetragonal phase, being 3 mol% Y2O3 the optimal content for 

compromising strength and fracture toughness.  For this composition, strength 

and fracture toughness reach values of 1200 MPa and 5 MPa⸱√m, respectively.  

The increase in these mechanical properties is also due to grain size refinement. 

For 3Y-TZP, grain size is around 300 nm. The main drawback for Y-TZP ceramics 
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is in the phenomenon known as Low-Temperature Degradation (LTD), 

hydrothermal degradation, or aging. This mechanism of aging is detailed in 

Section 2.10.  

 

 

 

 

 

 

 

Figure 7. ZrO2-Y2O3 phase diagram (continuous lines). The changes in the diagram over 
time can be seen in [26]. The metastable phase diagram is depicted in dotted lines. 
(Reproduced with permission from [14] and [27]). 

 

 

2.7 Alumina Reinforcement  
 

2.7.1 Aluminum Oxide: Alumina (Al2O3) 
 

Depending on the order in the oxygen atoms, two groups of metastable 

crystallographic structures can be identified. In the face-centered cubic (fcc) 

group, the following phases are found: 𝛾-Al2O3, 휂-Al2O3 (cubic phase), 휃-Al2O3 

(monoclinic phase), and 𝛿-Al2O3 (either tetragonal or orthorhombic phase). In 

the hexagonal close-packed (hcp) group, the following phases are found: 𝛼-Al2O3 

(trigonal phase), 𝜅-Al2O3 (orthorhombic phase), and 𝜒-Al2O3 (hexagonal phase) 

[28]. The α-alumina (corundum) is the most used phase due to its 

thermodynamic stability [29]. In terms of mechanical properties (see Table 2), α-

alumina has higher hardness compared to zirconia.  
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2.7.2  Composites  
 

The alloying between alumina and zirconia generates ceramic composites with 

enhanced mechanical properties either as reinforcement within the matrix or 

with the elaboration of layered structures [30–32]. For example, zirconia 

provides its high fracture toughness, and alumina supplies its high hardness. In 

this context, there are two types of composites: if alumina content is higher than 

zirconia, the composite is named zirconia toughened alumina (ZTA). On the 

contrary, if zirconia content is higher than alumina, the composite is called 

alumina toughened zirconia (ATZ).  

 

Zirconia-toughened Alumina (ZTA) 

Zirconia toughened alumina are composites with an alumina matrix and a 

reinforcement of zirconia particles developed to enhance mechanical properties. 

The phase diagram of alumina-zirconia is illustrated in Figure 8.  

Alumina matrix gives high mechanical properties as hardness and wear, while 

zirconia as a second phase provides an enhancement in strength and fracture 

toughness. In elaborating alumina-zirconia composites, defects such as 

microcracking can generate in the cooling step after sintering due to the local 

residual stresses induced by the difference between the thermal expansion 

coefficients of both ceramics [33]. The thermal expansion coefficient (α) for 

alumina is α = 11.1 x 10-6 K-1 and for zirconia is  α = 8.29 x 10-6 K-1 in the range 

295-1473 K [34].  
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Figure 8. Binary equilibrium phase diagram Al2O3-ZrO2 system. (Reproduced with 
permission from [35]). 

 

Alumina-toughened Zirconia (ATZ) 

Alumina-toughened zirconia are composites with a zirconia matrix and a 

reinforcement of alumina particles.  The influence of very small alumina 

concentrations in monolithic zirconia in solid solution is to induce an 

enhancement in the mechanical properties such as strength, hardness, or 

fracture toughness [36]. In the same sense, Y-TZP reinforced with alumina 

particles also tends to increase strength and fracture toughness, but the main 

objective is to improve hydrothermal degradation resistance [37,38]. In Ce-TZP, 

alumina reinforcement increases fracture toughness, which is the main 

drawback of ceria-zirconia-based ceramics [39].   
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2.8 Ceria-based zirconia and its Ce-TZP-alumina composites 
 

After yttria, ceria (CeO2) is the most used oxide to stabilize the tetragonal zirconia 

phase at room temperature. This stabilization is done using substitution of one 

Zr4+ ion by one Ce4+ ion. Unlike the stabilization by yttria carried out through the 

generation of oxygen vacancies, in principle, no oxygen vacancies are produced 

in this case, which is an advantage of ceria over yttria because the hydrothermal 

degradation phenomenon is reduced.  

During the 1950s, the first studies of ceria as a stabilizer to the tetragonal zirconia 

phase were done. Duwez et al. [40] were among the first researchers to 

represent the phase diagram of ZrO2-CeO2, showing the temperature and ceria 

content suitable to stabilize the tetragonal phase. Some years later, Tani et al. 

[41]  and Yoshimura [42,43] continued with the phase diagram study, both 

reporting the solid solution limits of the monoclinic, tetragonal, and cubic 

phases. The most recent ZrO2-CeO2 system is illustrated in Figure 9.   

 

 

 

 

 

 

 

 

 

 

Figure 9. ZrO2-CeO2 phase diagram. (Reproduced with permission from [26]). 
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Ceria-stabilized zirconia shows exceptional transformation plasticity due to the 

t-m phase transformation [44–50], which allows the mechanical properties like 

fracture toughness to increase. Ceria contents influence t-m phase 

transformation. As regard ceria content,  one of the main studies on ceria-

stabilized zirconia was developed by Tsukuma et al. [51] using different ceria 

content (⁓7 to 16 mol% CeO2) to evaluate the influence of the ceria content in 

the final mechanical properties. The results obtained show that strength values 

around 800 MPa between 10 to 12 mol% CeO2 can be achieved. A conclusion of 

this study was to show the influence of the ceria content and the grain size in the 

fracture toughness and hardness. In this study, fracture toughness increased, but 

strength decreased when the stabilizer content was low. On the contrary, if the 

amount of stabilizer is high, the t-m transformability decreases, fracture 

toughness decreases, strength increases, and the tetragonal zirconia phase 

remains stabilized. It should be noted that when the zirconia tetragonal phase is 

highly stabilized, grain size tends to decrease with an increase in hardness. 

The two main drawbacks present in Ce-TZP ceramics are low strength and large 

grain size as, compared to Y-TZP materials (⁓500 MPa, ⁓2 µm, and ⁓1 GPa, ⁓0.3 

µm, respectively) [52,53]. In an attempt to increase the strength, Haussner and 

Claussen [54] studied 12Ce-TZP ceramics, which were elaborated either by 

sintering or by hot isostatic pressing and by using different annealing conditions. 

The study showed an enhancement in strength, both in the sintered samples 

(from 245 to 545 MPa) and in the hot isostatic pressed samples  (from 430 to 595 

MPa) after annealing in nitrogen. All the samples presented a grain size between 

3 to 4 µm. The maximum fracture toughness value obtained was 8.1 MPa·√m for 

the hot isostatic pressed samples after annealing in Ar+20% O2.  

Other studies have been focused on the reduction in the grain size in ceria-doped 

zirconia ceramics, either with the addition of a second stabilizer (co-doping) 

[17][55] or a second phase (alumina) [56]. Table 3 summarizes some works 

performed with Ce-TZP/alumina composites showing the grain size, strength, 

and fracture toughness.   
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Table 3. Grain size, strength, and fracture toughness of some Ce-TZP/alumina 
composites. 

Reference Material 
Grain 
Size 
(µm) 

Strength 
(MPa) 

Fracture 
Toughness 
(MPa·√m) 

Sato et al. [57] 
12Ce-TZP/(10-20 

wt% )Al2O3 
2-1 

620-760 
(3P) 

14-17  
(VIF) 

Wang et al.[58] 
12Ce-TZP/10 wt% 

Al2O3+ 0.2wt% MnO 
2.53 

557  
(4P) 

9.3  
(SEVNB) 

Cutler et al.[59] 
12Ce-TZP/30 vol% 
Al2O3+(2-4 wt%) 

SrO 
1.7-2 

726  
(4P) 

15.1  
(DCB) 

Nawa et al.[60] 
10Ce-TZP/30 vol% 
Al2O3+0.05 mol% 

TiO2 
0.7 

950  
(3P) 

18.3  
(VIF) 

Tanaka et 
al.[61] 

10Ce-TZP/0.05 
TIO2+ 30 vol% Al2O3 

0.59 
941  
(3P) 

20.05 
 (VIF) 

Yang et al.[62] 
(20 wt% ZrO2)  
Ce-TZP/Al2O3 

- 
1092 
 (3P) 

9.69 (SEVNB) 

Benzaid et 
al.[63] 

10Ce-TZP/30 vol% 
Al2O3 

0.25 
890-1000 

(4P) 
8.8-11.8 (DT) 

Apel et al.[19] 
10Ce-TZP/16 vol% 

MgAl2O4 
- 

900  
(P3P) 

15  
(DT) 

Reveron et 
al.[64] 

10.5Ce-TZP+ 8 vol% 
Al2O3+8 vol% 

SrAl12O19 
0.6 

1197  
(P3P) 

10.2 (SEVNB) 

Touaiher et 
al.[65] 

11Ce-TZP+8 vol% 
Al2O3+ 8 vol% 

SrAl12O19 
1 

738  
(4P) 

10.6 (SEVNB) 

The meaning of the abbreviated terms is found in the Abbreviations and symbols section at the end of the thesis.   

 

Finally, the most recent work about Ce-TZP ceramics and Ce-TZP/alumina 

composites was developed by Chevalier et al. [66], in which the transformation 

toughening is highlighted for the increase of strength and fracture toughness 

compared to non-transformable ceramics.  
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2.9 Transformation toughening  
 

The tetragonal phase is stabilized at room temperature by adding one oxide 

(MgO, CaO, Y2O3, CeO2). For many years, several studies about transformation 

toughening ceramics have been performed [13,67–72]. Phase transformation 

toughening mechanism consists of the transformation of the metastable 

tetragonal phase into the monoclinic phase in front of a crack by the stress 

induced by the crack stress field (see Figure 10).  The t-m transformation is 

accompanied by an increase in volume between 4-5% in the material close to the 

crack tip generating compression residual stresses on the crack flanks, which 

tend to close the crack [5]. The residual stress closing the crack opposes the 

applied stress, which acts opening the crack so that the fracture toughness is 

increased (see Figure 11).   

 

 

 

 

 

 

 

 

 

Figure 10. Scheme of stress-induced transformation toughening. (Reproduced with 
permission from [70]). 
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Figure 11. Schematic views of transformation zone and toughness increment (ΔKc) 
development with the crack extension. (Reproduced with permission from [73]). 

 

2.10  Low Temperature Degradation (LTD) 
 

Also known as hydrothermal degradation or aging, this phenomenon occurs at 

low temperatures in humid environments, including body fluids [71,72]. As a 

consequence of the LTD, a significant reduction in mechanical properties has 

been reported by several authors [73–75].  

Hydrothermal degradation was reported first by Kobayashi et al. [79] at 

temperatures near 250°C in air. Yoshimura et al. [43] reported the main features 

observed in their experiments as:  

• The degradation advances from the surface to the inside of the material. 

• Due to the spontaneous t-m phase transformation, micro and 

macrocking are generated. 

•  In the presence of water or water steam, the degradation is accelerated. 

• The degradation can be reduced by increasing the amount of the 

stabilizer and reducing the grain size.  



INTRODUCTION 

23 
 

Several factors can affect the increase in hydrothermal degradation, for example, 

grain size, stabilizer content, the valence of the stabilizer, porosity, residual 

stresses, and cubic phase [77–80].   

 

Hydrothermal degradation kinetics 

The kinetics of the hydrothermal degradation depends strongly on the stabilizer 

[84]. The fraction transformed with time follows the Melh-Avrami-Johnson (MAJ) 

equation: 

 

𝑓 = 1 − exp[−(𝑏 ∙ 𝑡)𝑛]     (2.10.1) 

 

where 𝑓 is the transformation fraction, 𝑡 is the time, 𝑛 is a constant related to 

nucleation and growth (that can takes values between 0.5 and 4 [15]), and 𝑏 is a 

parameter that depends on the temperature and follow the Arrhenius equation:  

 

𝑏 = 𝑏0 exp (−
𝑄

𝑅𝑇
)            (2.10.2)   

 

where 𝑏0 is a constant, 𝑄 is the apparent activation energy, 𝑅 is the universal gas 

constant, and 𝑇 is the absolute temperature. 

 

The hydrothermal degradation kinetic for several ceramics materials is depicted 

in Figure 12. The monoclinic phase fraction increases with the time by means of 

a nucleation and growth process. As mentioned before, it has been fitted to the 

MAJ equation for the degradation conditions fixed in the test (134°C and 2 bars).  
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Figure 12. LTD kinetics of 10 mol% ceria-stabilized zirconia (10Ce-TZP), 3 mol% yttria-
stabilized zirconia (3Y-TZP), Magnesium partially stabilized zirconia (Mg-PSZ) as zirconia 
monoliths and  (A10Z0Y),  (A20Z2Y) and (A80Z(Y)) as alumina-toughened zirconia (ATZ) 
composites. All the composites were measured at 134°C. The x-axis bottom shows the 
degradation time (in hours) of the composites on a logarithmic scale. The x-axis at the 
top shows the simulation (in years) of the degradation in vivo at 37°C. (Reproduced with 
permission from [12]).    

 

Hydrothermal degradation mechanisms  

In the first place, water species diffuse on the surface and penetrate through the 

bulk material, filling the oxygen vacancies, as can be appreciated in Figure 13. 

Once these water species are inside the ceramic, they produce the 

destabilization of tetragonal grains, transforming into monoclinic phase. This 

transformation is accompanied by micro and macrocking [43].  
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Figure 13. a) Diffusion of water species (OH-) into the lattice via oxygen vacancies and b) 
resulting change of lattice parameters. (Reproduced with permission from [26]). 

 

Figure 14 shows the hydrothermal degradation mechanism, while figure 15 

shows the nucleation and growth micromechanism, both proposed by Muñoz-

Tabares et al. [85]. The aging micromechanism starts with one grain on the 

surface that is prone to aging due to several factors: low stabilizer content, 

residual stresses, or large grain size [1]. The nucleation-growth micromechanism 

occurs around the destabilized grain. As a consequence of the t-m phase 

transformation, there is a volume increase increasing the stress on the 

neighboring grains and generating microcracking and surface roughening. It 

means that if the surface presents processing defects as porosity, large grain size, 

or residual stresses, there will be more hydrothermal degradation leading to a 

surface uplift.  

 

 

 

 

Figure 14. Schematic of hydrothermal degradation mechanism inside the material. 
(Reproduced with permission from [85]). 
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Figure 15. a) Scheme of the aging process of microcracking and monoclinic phase 
propagation in a) the grain boundary inside one grain and b) on the surface. 

(Reproduced with permission from [85]). 

 

Another kind of aging mechanism was proposed by Sato et al. [86] and is 

depicted in Figure 16a. This aging model is based on the mechanism of stress 

corrosion in vitreous silica. The mechanism starts with the chemical adsorption 

of water on the surface that reacts with the ceramic to create bonds Zr-OH. This 

reaction first takes place in the defects of the surface (pores, large grain size, 

grain with less stabilizer amount) and is here where the strains are relaxed (due 

to the breakage of the bond) to destabilize the tetragonal phase. Once the t-m 

phase transformation is generated in one grain, its volume increases and 

generates microcracking in their neighboring grains, which allows the water to 

penetrate inside the material. Finally, based on the activation energy, water 

prefers to react with the Zr-O-Zr bonds instead of stabilizer bonds.  

The aging mechanism proposed by Yoshimura et al. [87] consists of four steps. 

The first step, the chemical adsorption of H2O at the surface. The second step, 

the formation of Zr-OH and/or Y-OH bonds on the surface, producing stresses. 

The third step is the migration of OH- to the surface by the accumulation of the 
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stresses. The fourth and last step is the nucleation of the monoclinic phase in the 

tetragonal grains generating micro and macro-cracking. Figure 16b illustrated 

this aging mechanism. 

 

 

 

 

 

 

 

 
Figure 16. a) Degradation scheme expected for the reaction between water and Zr-O-Zr 
bonds proposed by Sato and Shimada, and b)  Degradation process of Y-TZP by H2O 
proposed by Yoshimura et al. (Reproduced with permission from [86] and [87], 
respectively).  

Transformation by destabilization proposed by Lange et al.[88] and Schumauder 

and Schubert [89] or transformation by annihilation vacancies postulated by Guo 

[90] are other types of aging mechanisms explaining the hydrothermal 

degradation phenomenon of zirconia ceramics.  

 

Enhancement of the hydrothermal degradation resistance 

Long times exposure to low temperature degradation produces a decrease in 

structural integrity and reliability of zirconia. Therefore, several studies have 

been undertaken to control the aging phenomenon.  For example, Inokoshi et al. 

[91] studied the effect of using different temperatures and dwell sintering 

conditions in the properties of three dental commercial Y-TZP grades showing 

that small additions of SiO2 produced the best combination of mechanical 

properties and resistance to LTD. Another strategy to reduce LTD in Y-TZP 

materials is the refinement of zirconia grain size [92]. For example, by developing 

composites adding a second phase, which impedes grain growth during the 

sintering. In this case, alumina is the most common immiscible second phase 
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used for this purpose, and the resulting composite is known as Alumina 

Toughened Zirconia (ATZ) [36][38] (see section 2.7.2). Moreover, small additions 

of alumina are also interesting for retarding LTD. For example, Zhang et al. [37] 

found that adding 0.25 wt% alumina to 3Y-TZP decreased LTD degradation 

without compromising fracture toughness.   
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Chapter 3. OBJECTIVES 
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3 OBJECTIVES 

 

The main drawback in mechanical properties of Ce-TZP is its low strength which 

is a consequence of its large grain size. Large grain sizes are a result of the high 

sintering temperatures and long dwell times necessary to reach high density.  

A way to reduce the zirconia grain size is by adding calcia, which has shown a 

strong effect on the microstructure refinement due to its segregation in the 

zirconia grain boundary. This segregation allows the reduction in zirconia grain 

boundary mobility during the sintering, limiting its growth, thereby allowing both 

hardness and strength increases. Another way to reduce the zirconia grain size is 

by the addition of a second phase (alumina), which inhibits grain growth and acts 

as a reinforcement inducing a notable increase in hardness. 

 

Based on these premises, the objectives of the thesis are:  

1) To elaborate 10Ce-TZP based-ceramics with small alumina additions to 

reduce the grain size, increasing hardness and strength, and maintaining 

high resistance to aging.  

 

2) To elaborate composites of 10Ce-TZP based-ceramics with a fixed calcia 

content (1 mol%) and varying alumina amount (2.5-15 wt%) to reduce 

the grain size, enhance both hardness and strength, maintaining a high 

hydrothermal degradation resistance.  

 

3) To properly measure the mechanical properties of these materials. It is 

important to note that fracture toughness is traditionally measured 

through a Vickers indentation method, which for non-transformable 

ceramics gives only an approximate idea about its value. However, this 

method can only be applied to non-highly-transformable ceramics. If it 

is used in transformable ceramics, the results are overestimated, giving 

wrong fracture toughness values, or the method cannot be applied 

because of the absence of indentation crack at the corners of the 

imprint.  

 



PROCESSING, MICROSTRUCTURE, AND MECHANICAL PROPERTIES OF CERIA-STABILIZED 
ZIRCONIA-BASED CERAMICS CO-DOPED WITH CALCIA AND ALUMINA 

 

32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



OBJECTIVES 

33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4. PROCESSING, MICROSTRUCTURAL AND 

MECHANICAL CHARACTERIZATION 
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4 PROCESSING, MICROSTRUCTURAL AND MECHANICAL 

CHARACTERIZATION 

 

4.1  PROCESSING 
 

4.1.1 Powder characterization 
 

During the development of this doctoral thesis, three starting powders were 

used. These are presented below:  

Ceria-stabilized zirconia (10Ce-TZP): ZrO2 10 mol% CeO2 Daiichi CEZ 10, 10 mol% 

of ceria doped zirconia ZrO2, hereafter referred to as 10Ce-TZP. Powder colour: 

Yellow. The powder was supplied by Daiichi Kigensu (Kagaku Kogyo Co. Ltd. 

Japan).  

Calcium Oxide (CaO):  1 mol% of calcium oxide was employed to elaborate some 

composites. Powder colour: White. The powder was supplied by Sigma-Aldrich 

(today knows as Merck).  

Aluminum Oxide (α-Al2O3):  Different amount of aluminum oxide was employed 

in the elaboration of some composites, acting as a reinforcement. Powder 

colour: White.  The powder was supplied by Tamicron (TM-DAR, Tamai Chemicals 

CO., Japan).  

 

To characterize these starting powders, several techniques were used. A brief 

description of each of them is presented below.   

 

• Powder Density 

A Helium pycnometer (Multipycnometer, Quantachrome Co., USA) was 

employed to measure the powder’s density. Once the mass of the powder within 

the pycnometer is known, the volume of the powder (VP)  is calculated using the 

pressure difference given by an amount of helium in a reference cell (P1) of 

known volume (VR) and the pressure exerted by the same amount of gas in a cell 
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of the test sample (P2) of volume (Vc) containing the powder whose volume is 

determined.  This volume was calculated by applying the ideal gases law: 

VP = (VC − VR) ∙ (
P1

P2
− 1)                                      (4.1.1) 

 

• Specific Surface Area (SSA) 

It is a critical physical-chemistry factor during the powder analysis. The greater 

the surface area, the lower the particle size. The model developed by Brunauer, 

Emmet, and Teller (BET) was used to quantify the specific area, which is given by 

the  following equation 4.1.2: 

SSA =
Vm ∙ SO

P
                                                      (4.1.2) 

 

where 𝑉𝑚 is the volume of the adsorbed gas monolayer (cm3), 𝑆𝑂 is the surface 

occupied by 1 cm3 of adsorbed gas (m2), and 𝑃 is the sample weight (g). The gas 

used in this technique is mainly nitrogen.  

It can be noted that the pH of the medium and external agents as dispersants or 

flocculants influence the particle size distribution generating agglomerations or 

dispersion between the particles [93][94]. 

 

• BET diameter (dBET) 

It is an indirect measure of particle size since specific surface area (SSA) and 

powder density (ρ) are related (see equation 4.1.3) [95]: 

DBET =
6

SSA ∙ ρ
                                                    (4.1.3) 
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• Agglomeration Factor (Fag)  

It is another indirect measure to determine the dispersion of the particles. For 

spherical disperse particles, the agglomeration factor is equal to 1. The 

agglomeration factor is defined as the ratio between the mean particle size by 

volume (DV50) and the  BET diameter (DBET): 

Fag =
Dv50

DBET
                                                  (4.1.4) 

• Particle Size 

The Dynamic Light Scattering (DLS) method was employed to determine the 

particle size distribution. This method is based on Fraunhofer's theory of 

dispersion of light. Particles disperse light in all directions with an intensity 

pattern depending on the particle size [96]. The equipment used to measure 

particle size was the Zetasizer Nano ZS (Malvern Instruments Ltd, UK). Examples 

of the particle size distribution of the powders used are given in Figure. 17.  The 

equation used to determine particle size is: 

𝑑(𝐻) =
kT

6πηD
                                            (4.1.5) 

where 𝑑(𝐻) is the hydrodynamic radius of the particles (different from the actual 

dimensions of the particle). It would be considered as the radius of a sphere, 

including particle and possibly solvation layers, moving at the same speed given 

by the translational diffusion coefficient D. This coefficient is related to the 

velocity at which a particle moves in solvent medium. The particle has a 

Brownian-type motion as it is hit randomly by solvent molecules [97]. The other 

terms of the equation are the Boltzmann constant k, the absolute temperature 

T, and the viscosity of the medium 휂 [98]. 

 

• X-Ray Diffraction (XRD)  

X-ray diffraction (XRD) was employed to identify the crystalline phases in the 

starting powders. In a multiphase material, each relative phase amount can be 

determined from the peak area [99]. Figure 18 shows the main phases for the 

three powders.  
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Figure 17. Particle size distribution of a)10Ce-TZP, b) CaO, and c) α-Al2O3. 

 

 

 

 

 

 

 

 

Figure 18. X-ray diffraction for the as-received powders. a) 10Ce-TZP, b) CaO, and c) α-
Al2O3. 

 

• Scanning Electron Microscopy (SEM) 

To identify the morphology of the powders, Scanning Electron Microscopy (SEM) 

was used. It comprises two imaging detectors, secondary electrons (SE) and 

backscattered electrons (BSE). SEM is widely used due to its high depth of field, 
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which allows taking images in three-dimensional. For instance, SE has low-energy 

electrons that are sensitive to the surface topography; hence it is suitable to 

identify the sample surface features [99]. The equipment used here was the 

FESEM, Neon 40 Gemini, ZEISS, also equipped with energy-disperse X-ray 

spectroscopy (EDS). The powders morphology of 10Ce-TZP, CaO, and α-Alumina, 

can be appreciated in Figure 19.  

 

• Infrared Spectroscopy (IR) 

This technique involves the scattering of light. The light is polychromatic, and 

depending on its incidence, the vibration modes of the material through the 

dipole moments emit different vibrations. These vibrational modes were 

recorded as a drop in the transmission spectra or a peak in the absorption spectra 

[99]. The most commonly used region for materials characterization between 

4000-400 cm-1 for transmission and 2.5-25 µm for absorption was used. Figure 

20 shows the transmission spectra from the starting powders 10Ce-TZP and α-

alumina. The strong peak for the tetragonal phase is located at 473 cm-1, and for 

the monoclinic phase was found at 192 cm-1 [100], while for α-alumina, the main 

peaks were located at 479, 713, and 3453 cm-1 [101]. 

According to the techniques described above, Table 4 summarizes the values 

obtained for the as-received powders. All the powders have a 99.9% purity. 

 

Table 4. Starting powders characteristics. 

 

 

Powder 
Specific Surface Area 

(m2/g) 
Theoretical density 

 (g/cm3) 
Particle size (Dv50) 

 (µm) 
DBET (µm) 

 Commercial Measured Commercial Measured Commercial Measured   

10Ce-TZP 13.09 13.50 6.03 6.04 0.5-1 0.58 0.07 

CaO - 22.60 3.33 2.60 - 32.3 0.10 

α-Al2O3 14.50 11.80 3.95 3.99 0.2 0.63 0.13 
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Figure 19. SEM image of as-received commercial powder at different scales: a) 10Ce-

TZP, b) CaO, and c) α-Al2O3. 
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Figure 20. Infrared spectra of 10Ce-TZP (top) and α-alumina (bottom). 
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4.1.2 Processing of starting powders 
 

• Pretreatment  

In order to remove any contamination, 10Ce-TZP and CaO powders were calcined 

in a pressureless furnace.  In the case of the 10Ce-TZP, the powder was calcined 

at 700°C for 1 hour and a heating/cooling rate of 10°C/min. After this time, the 

monoclinic phase was reduced while the tetragonal phase increased. This change 

is appreciated in Figure 21a. Due to the high capacity of the powder to absorb 

water from the environment, CaO powder was calcined at different 

temperatures, as shown in Figure 21b. The time and the heating and cooling rate 

were the same as those employed in the 10Ce-TZP powder.  For the α-alumina 

powder, as it tends to agglomerate, it was necessary to make a suspension in 

distilled water with the right concentration and leave it stirring for 5 days [102]. 

In this way, it was ensured that the alumina is dispersed, and when mixed with 

the other powders, it did not agglomerate.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Calcination of powders: a) 10Ce-TZP at 700°C and b) CaO calcination at 
different temperatures 400°C, 600°C, and 800°C. 
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• Organic Additives 

 

For the development of all the composites, several organic additives were 

employed in different ways, as described in the three published manuscripts. For 

example, in paper I, for the superficial charge modification of the alumina 

particles, polyacrylic acid (PAA) was used as a stabilizer in order to enhance the 

suspension stability. In paper II, during milling of the powders, polyethylene 

glycol (PEG) was added as a binder, which improved the compaction of the 

powders. Finally, in paper III, Darvan 821-A was used as a dispersant, which 

avoided particle agglomeration during the powder milling. The chemical 

structures for all the organic additives employed are shown in Table 5.   

 

Table 5. Organic additives used during powders processing 

Additive Acronym Chemical structures 

Polyethylene Glycol  PEG 

 

Polyacrylamide  PAA 

 

Darvan 821-A D-821 

 

Chemical structures of PEG, PAA, and D-821. (Reproduced with permission from [103] [104] and [105], respectively). 
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4.1.3 Types of processing  
 

Regardless of the kind of powder processing used, the main aim was to elaborate 

materials without agglomerates or processing defects. There are several ways to 

elaborate ceramics materials, either by mixing powders [106] or by chemical 

processing routes [107,108]. The different types of processing are described 

below: 

 

Dry mixing 

Powders were mixed without any liquid medium. In this technique, agglomerates 

tend to appear due to the lack of dispersants preventing the interaction between 

the same powder particles.   

 

Wet mixing 

It is a classic conventional method of powder mixing. Both dry and wet mixing 

produce high contamination, and no high dispersion is achieved.   

Mixing of powders: The powders are mixed in a multidirectional mixer using a 

wet medium like water, ethanol, isopropanol, etc. [56]. The powder size is not 

reduced in this step.  

Powder milling: In this stage, all the powders are inserted in a planetary rotative 

mill along with the wet medium. In the present case, ethanol 99% together with 

the binder Polyethylene Glycol (PEG) were used. The velocity of the milling was 

100 rpm. To ensure the reduction in the powder size, 30 milling cycles were 

carried out. One milling cycle consists of 15 minutes of milling and 30 minutes of 

pause to avoid overheating the equipment.     

Slip Casting: Slip or slurry consists of ceramic powder particles < 10 µm, 

suspended in fluid, commonly water [99]. The suspensions should be high in 

solids content up to 60 vol%. The suspension is poured into a porous mold. The 

most used materials for porous mold are plaster or alumina. The water is 

absorbed in the porous mold by capillary action, leaving a solid in the mold. 
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4.1.4 Colloidal processing 
 

A colloid is a substance that contains particles between 1 nm and 10 µm 

suspended in a liquid. This technique involves the preparation of stable and 

homogeneous suspensions. A suspension is considered stable when its zeta 

potential is < 20 mV in absolute value. It is possible to tailor the desired final 

microstructure when using the colloidal processing technique.   

 

Double Layer Model (DVLO) 

The double-layer or DVLO (for Derjaguin and Landau in 1941 and Verwey and 

Overbeed in 1948) explain the stability of the colloidal suspension. The theory 

explains the charging of the surface of a particle when it is introduced in a polar 

medium [109]. The charging occurs via ionization and adsorption process. To 

keep the system neutral, an ionic layer that counteracts the charge is formed. 

This layer is known as the Stern layer (or rigid layer) (see Figure 22). Often, this 

layer is not enough to balance the particle charge, so a second layer is generated, 

named Diffuse Layer, composed of counterions (ions with the contrary or equal 

sign of the particle superficial charge)[104].   

 

 

 

 

 

 

 

Figure 22. Scheme of the electric double layer [104]. 
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Stability of the suspensions 

The stability of suspensions depends on the total interaction energy of both 

particle-particle and particle-medium [110]. Equation 4.1.6 describes the total 

interaction energy.  

Vtotal = Vattraction + Vrepulsion                                       (4.1.6) 

 

The attraction forces are of the Van der Waals type, while the repulsion forces 

are formed of the electrostatic forces (between the surfaces with the same 

charge), the steric forces (between particles and the organic additive absorbed 

on the surfaces that prevent the interaction between the same particles), and 

the electrosteric forces (between the particles and the medium, with the 

capability to ionize depending on the pH of the medium). 

 

Zeta Potential  

In the double-layer model (DVLO), zeta potential is the potential where the 

diffuse layer and stern layer are joined. Zeta potential is the value of the electric 

potential present in the plane of shear between the diffuse layer and the stern 

layer, which gives an indirect measurement of the superficial charge. Zeta 

potential is determined by the mobility of the particles in a medium, and its value 

can be determined using the Helmholtz-Smoluchowski equation:  

휁 =
휂𝜇e

𝜖휀0휀𝑠
𝑓(𝜅𝑎)                                                      (4.1.7) 

where 휂 is the viscosity of the medium continuous, 𝜖 is the electric field applied, 

휀0  is the permittivity in the vacuum, 휀𝑠 is the permittivity in the medium 

continuous, and 𝑓(𝜅𝑎) is the Henry’s function [98].  

With the measurement of zeta potential, the surface potential changes and the 

repulsion forces can be established. It should be noted that the higher the zeta 

potential value, the higher is the thickness in the double layer, thus more stable 

is the suspension.  

Isoelectric Point (IEP): pH value for which zeta potential is equal to cero. 

Point Zeta Charge (PZC): In a system, positive and negative charges are equals. 



PROCESSING, MICROSTRUCTURAL AND MECHANICAL CHARACTERIZATION 

47 
 

Rheology 

 

Rheological behavior is represented through flow curves where the shear stress 

(𝜏) is a function of shear rate (𝛾). According to this, there are two kinds of fluids 

as a function of their behavior: Newtonian and no Newtonian fluids [111].  

Newtonian fluids: These fluids follow a linear proportionality between the shear 

stress and shear rate.  

No Newtonian fluids: These fluids do not present a linear proportionality as in 

Newtonian fluids. Four kinds of fluids belong to the No Newtonian fluids family.  

• Pseudoplastic fluids 

• Dilatant fluids 

• Bingham fluids 

• Plastic fluids  

It should be noted that rheological behavior also can be depicted in terms of 

viscosity (휂) as a function of shear rate (𝛾). Figure 23 shows the two ways to 

represent the rheological behavior of the suspensions through flow curves and 

viscosity curves.  

 

 

 

 

 

 

 

Figure 23. Rheological behavior of the suspensions represented by a) Flow curves and b) 
Viscosity curves. 
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Many mathematical models describe the rheological behavior of the fluids. One 

of them is the Cross model [112] that is represented by the equation 4.1.7:  

 

휂 = 휂∞ + (
휂0 − 휂∞

1 + 𝛼𝐷2/3
)                                    (4.1.8) 

 

where 휂∞ is the limiting viscosity at infinitive shear rate,  휂0 is the limiting 

viscosity at zero shear rate, 𝐷 is the shear rate, and 𝛼 a constant.  

 

Another parameter to consider is how the solid content affects the suspension 

viscosity due to the interactions between the particles. The Einstein equation 

describes the relationship between the viscosity of the suspension and the solid 

content for non-interacting spherical particles.  

 

휂 = 휂𝑠(1 + 2.5𝜙)                                             (4.1.9) 

 

where 휂𝑠 is the dispersion medium viscosity and 𝜙 is the solid volume fraction.  

However, for suspensions with high solid content, the viscosity increases quickly, 

with 𝜙, reaching a limit value named maximum packing fraction. For this kind of 

concentrated suspensions, other mathematical models as the Krieger-Dougherty 

model are used:  

휂 = 휂𝑠 (1 −
𝜙

𝜙𝑚
)

−[𝜂]𝜙𝑚

                                      (4.1.10) 

where 휂 is the intrinsic viscosity, 𝜙 is the volume solid fraction and 𝜙𝑚 is the 

maximum packing fraction. Usually, the exponent is replaced by n, a value that 

depends on the particle shape.  
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4.1.5 Shaping  
 

Uniaxial Pressing: Consists in the pressing of the powder, with and without 

binder (an organic component that is added to hold the powder together while 

shaping) addition. The pressure is applied uniaxially. Commonly the pressure 

applied pressure is around 50 MPa. Usually, after this preform, cold or hot 

isostatic pressure is applied.  This stage is carried out at room temperature.   

Cold Isostatic Pressing (CIP): The samples are introduced in plastic material. The 

vacuum is applied so that samples can be formed without the presence of air. 

Once this process has been carried out, the samples are placed in a chamber with 

oil. Then a pressure of around 300 MPa is applied. This process allows pressure 

to be applied in all directions and the samples have good compaction.  

Both uniaxial and CIP pressing were employed in the conformation of the 

samples. 

Before bringing the samples to sintering, a dilatometry analysis was done. This 

analysis allows knowing the dimensional changes of the samples as a function of 

the temperature. The maximum shrinkage is found at high temperatures, where 

the sample starts to sinter. An example of the dilatometry analysis is shown in 

Figure 24.   

 

 

 

 

 

 

 

 

Figure 24. Dilatometry analysis of the 10Ce-1CaO-2.5Al2O3 composite. 
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4.1.6 Sintering 
 

Sintering can be done in different ways. One is conventional sintering, where a 

determined temperature is applied to the green samples with a dwell time 

established and a heating rate calculated. Depending on the final application, it 

is possible to change the sintering atmosphere, either air, inert (Ar or N2) [113], 

reductive (H2), or oxidative (O2). Furthermore, while the samples are being 

sintered, pressure can be applied (hot isostatic pressing [114,115]) or not 

(pressureless sintering). Another way for sintering is to use field-assisted 

sintering techniques, known as FAST. In these techniques, an electric field is 

applied to the sample inside a furnace with a specific temperature offering 

advantages such as reducing the grain size with faster heating rates, lower 

sintering temperatures, and lower dwell times. Two of the most used FAST 

techniques are Spark Plasma Sintering (SPS) (uniaxial pressed, low voltage, and 

pulsed current) [116–120] and Flash Sintering [121–123].  

 

In the development of the composites throughout the thesis different sintering 

condition was employed. Table 6 summarizes all these sintering conditions.  

 

 
Table 6. Sintering conditions used in the three-papers published.   

 Sintering Debinding 

Paper 
T 

(°C) 
DT 
(h) 

HT 
(°C/min) 

T 
(°C) 

DT 
(h) 

HT 
(°C/min) 

I 1500 1 10 - - - 
II 1450 2 3 700 1 3 
III 1450 1 4 600 1 1 

T: Temperature, DT: Dwell Time, HT: Heating Rate 

 

4.1.7 Different powder processing using during the thesis   
 

The processing route used in each paper is shown in Figure 25, Figure 26, and 

Figure 27 as a visual aid to the reader. The order of the schemes follows the 

sequence of the publication of the papers. 
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Figure 25. Processing route scheme for Paper I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Processing route scheme for Paper II. 
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Figure 27. Processing route scheme for Paper III. 

 

4.1.8 Grinding and Polishing 
 

To identify the microstructure of the samples and subsequent measurement of 

mechanical properties, the sample surfaces underwent a grinding and polishing 

metallographic process. Table 7 shows all the required steps to obtain a mirror-

like surface appearance.  

 
Table 7. Protocol followed to polish the samples surfaces. 

Disk  Suspension Lubricant Time (min) 
Velocity 

(rpm) 

MD-Piano 80 (200 µm) --- Water  Until getting a 
flat sample 

300 

MD-Piano 120 (125 µm) --- Water 5  300 
MD-Piano 220 (68 µm) --- Water 5 300 
MD-Piano 500 (30 µm) --- Water 5 300 

MD-Piano 1200 (15 µm) --- Water 5 300 
MD-Plan White 30 µm   Thinner 5 150  

MD-Dac Blue 6 µm Thinner 5 150 
MD-Dac Blue 3 µm Thinner 3 100 

MD-Nap Violet 1 µm Thinner 1 100 
This table is adapted to the consumable metallography at the moment of the sample preparation. Some values were taken to the Grinding and 
Polishing protocol in Mateis group, Insa-Lyon.  
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4.2 MICROSTRUCTURAL CHARACTERIZATION 
 

This section presents the techniques employed to characterize the composites 

developed at the microstructural level, such as density, grain size, and 

crystallography phase identification, both by XRD and by µ-Raman microscopy.  

 

 

4.2.1 Density  
 

• Experimental Density  

Mass-geometric measurements  

This method consists of measuring the volume of the sample, depending on the 

geometry of the samples. Once the volume was calculated, the sample is 

weighed.  The quotient between the mass and the volume of the sample 

corresponds to the density.  

Archimedes method  

To calculate the density of the sintered samples, the samples are weighed both 

in air and water at a known temperature. The density is calculated  according to 

the equation 4.2.1: 

𝜌 =
𝑚𝑎 ∙ 𝜌𝑤

𝑚𝑎 − 𝑚𝑤
                                            (4.2.1) 

where  𝑚𝑎 is the mass in the air (g), 𝑚𝑤 is the mass in the water (g) and 𝜌𝑤 is the 

water density (g/cm3). The water density varies with the temperature, for that 

reason, before to measure 𝑚𝑤, it is required to verify the water temperature. 

 

• Theoretical Density  

It represents the total contribution of the component system in the whole 

density of the composite. Commonly, the most used theoretical density is the 

rule of the mixtures, which consists of the sum of the density of each compound 

multiplied by the respective fraction (molar or weight percentage).  
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𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ 𝜌𝑛𝑥𝑛                                           (4.2.2) 

where 𝜌𝑛 is the density of the n-component and 𝑥𝑛 its fraction in the composite.   

 

4.2.2 Grain size  
 

Different grain sizes can be found depending on the stabilizer added (see Figure 

28). To observe the grain size in the samples, a thermal etching (1200°C for 30 

min) was done. The samples were polished mirror-like using different grinding 

disks and diamond suspensions (see Table 7). After that, in order to make the 

samples conductive, a graphite coating into the polished surface of the samples 

was applied. Once the samples were coated, SEM micrographs were taken. To 

measure the grain size, the linear interception method was used [124]. It consists 

of quantifying the number of grain boundary intersections in one straight line 

(measured before). Several horizontal and vertical lines were drawn in only one 

micrograph. Finally, this method was applied in other micrographs in order to 

obtain the average grain size of the zirconia and alumina. It should be noted that 

there are different techniques to calculate grain size, for example, using image-

analysis methods through the use of computer software.  

 

 

 

 

 

 

 

Figure 28. Differences between grain sizes of a) 3Y-TZP and b) 10Ce-TZP. 
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4.2.3 Crystallography  
 

• X-Ray Diffraction (XRD) 

The equipment employed was the XRD, D8 Advance, BRUKER, with 40 kV and an 

intensity of 40 mA. The radiation used was Cu Kα1  10 s⸱step-1 and 0.02° step for 

1 s, size from 20° and 70°-2θ range. In Figure 29 can be observed the 

characteristic peaks of zirconia ceramics: for the monoclinic phase, the main 

peaks are found at 28° and 31° (2) that correspond to (-111) and (111) planes, 

respectively. For the tetragonal phase, the main peak is found at 30.2° (2), 

which corresponds to the (101) plane. For the cubic phase, the main peak is 

located at the same degree as that of the tetragonal phase, so these peaks 

overlap. 

 

 

 

 

 

 

 

Figure 29. Ceria-stabilized zirconia powder after calcination at 700°C for 1 hour. 

 

• micro-Raman microscopy  

Another usual technique employed to identify crystalline phases is µ-Raman 

microscopy. The equipment used was the inVia Raman microscope RE 04, 

RENISHAW. The main peaks are found for all the zirconia phases: for the 

monoclinic phase, a double peak is located between 180 and 191 cm-1. The 

tetragonal phase is identified by two peaks, 147 and 265 cm-1. These peaks can 

be seen in Figure 30. 
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Figure 30. Ceria-stabilized zirconia with 5 wt% alumina reinforcement after 60 hours of 
hydrothermal degradation treatment. 

 

4.2.4 HYDROTHERMAL DEGRADATION TEST 
 

In this test, the samples are exposed to extreme conditions of temperature, 

pressure, and long times to evaluate their aging response. A zirconia-based 

ceramic can be considered with high aging resistance when it presents low 

monoclinic phase content at the end of the test. The tests were carried out under 

accelerating aging testing conditions in an autoclave with steam (Micro 8, 

SELECTA) at 134°C, 2 bars pressure for 60 hours. These conditions represent 

approximately the same effect as 180-240 years in-vivo at 37°C in the human 

body [125]. To quantify the monoclinic phase volume fraction (Vm), X-Ray 

Diffraction and µ-Raman microscopy are employed. For XRD, the equation used 

was that proposed by Garvie [126] and modified by Toraya [127] is used : 

 

𝑉𝑚 =
1.311𝑋𝑚

1 + 0.311𝑋𝑚
                                              (4.2.3) 

   𝑋𝑚 =
[𝐼𝑚(−111)) + 𝐼𝑚(111))]

[𝐼𝑚(−111)) + 𝐼𝑚(111))] + 𝐼𝑡(101)
         

where 𝐼𝑚 and 𝐼𝑡 are the intensity of the monoclinic and tetragonal peaks, 

respectively. 
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As for µ-Raman microscopy, the monoclinic phase volume is calculated with the 

Katagiri parameter in the linear model equation proposed by Muñoz-Tabares et 

al. [128]:  

𝑉𝑚 =
𝐼𝑚

181 + 𝐼𝑚
190

2.2 (𝐼𝑡
147) + 𝐼𝑚

181 + 𝐼𝑚
190                           (4.2.4) 

where 𝐼𝑚
181 and 𝐼𝑚

190 are the intensity of the monoclinic peaks and 𝐼𝑡
147 is the 

tetragonal peak. As an example, Figure 31 shows the aging evolution of a 

composite subjected to accelerated aging.   

 

 

 

 

 

 

 

Figure 31. Aging evolution of the 10Ce-2.5Al2O3 composite measured by µ-Raman 
microscopy. 

 

4.3 MECHANICAL CHARACTERIZATION  
 

4.3.1 Hardness  
 

Hardness is the resistance of the material to permanent deformation under 

pressure applied through an indenter. In ceramics, plastic deformation and 

cracks are the generations of cracks at the corners of the indentation imprint. 

Depending on the kind of indenter and the material microstructure, hardness 

can vary in a very wide range [99]. In ceramics, the most often indenters used 

are pyramidal and of spherical shape. [129]. The hardness measure with square 

pyramidal indenter is known as Vickers hardness. Vickers pyramidal number of 

Vickers number is defined as:  
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𝐻𝑉 = 1.854
𝐹

𝑑2
                                     (4.3.1)              

where 𝐹 is the applied force (kgf), and  𝑑 is the average of the diagonal imprints 

(mm). When given in gigapascals (GPa) units, it is often confused with Vickers 

hardness, but it should be noted that this term is used to describe the force 

divided by the normal area and not by the total surface area of the imprint. 

Usually, the load applied is 9.8 N (10 kgf) to calculate the Vickers Hardness, but 

in an attempt to generate cracks in the corners of the imprints in the material, 

this load is increased up to 294N (30 kgf). The Vickers hardness number has 

unities of (kgf/mm2) while Vickers hardness is often given in (GPa).  

 

4.3.2 Spherical Indentation  
 

Spherical indentation has been employed to evaluate the contact damage in 

materials under the applications of monotonic forces, with the objective to 

estimate the contact pressure necessary to generate damage (apparition of 

concentric rings around the spherical indentation) [130]. Some studies have 

shown the damage contact test performed in Ce-TZP/alumina composites [130], 

and 3Y-TZP has been used to identify damage in aging and no-aging conditions 

[131]. The imprints are usually small and can be observed through a laser 

scanning confocal microscope (LSCM) or employing optical Nomarski 

interferometry (see Figure 32).  

 

 

 

 

 

 

Figure 32. Residual imprint by Nomarski interferometry in a spherical indentation with a 
5000 N load in the 10Ce-15Al2O3 composite. 
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4.3.3 Elastic Modulus 
 

Elastic modulus can be calculated in different ways, either by resonance 

frequency, measuring strain as a function of stress [132], or by nanoindentation 

(see next section). The elastic modulus test by resonance frequency consists of 

putting the samples on supports. With a small impact at the center of the 

samples, using a steel ball, vibrations are generated recorded by a microphone 

located beneath the samples. The equation 4.3.2  is used to determine the elastic 

modulus in the method described above. 

𝐸 = 0.946424 ∙ 10−10 ∙
𝑚

𝑤
∙ (

𝐿

𝑏
)

3

∙ 𝑓2 ∙ 𝑓𝑐                          (4.3.2) 

where 𝐸 is the elastic modulus (GPa), 𝑚 is the mass of the sample (g); 𝑏 is the 

bar thickness (mm); 𝑤 is the bar width (mm); 𝐿 is the bar length (mm), 𝑓 is the 

frequency (Hz), and 𝑓𝑐 is the shape factor (dependent on Poisson ratio). Four 

bars of each composition were tested to obtain the average value. 

 

4.3.4 Nanoindentation  
 

Nanoindentation, also known as the instrumented indentation technique. It is 

based on measuring the applied load and the displacement of the indenter into 

the surface. Although different indenter tips can be used, the Berkovich diamond 

tip is the most common to obtain intrinsic hardness and elastic modulus values. 

Although, in other cases, a spherical indenter is also used [133]. Similar to in a 

hardness test, to calculate hardness by nanoindentation, an indenter is pressed 

into the material, and the penetration depth (h) is registered against the applied 

load (P). The data is taken both for loading and unloading cycles. Typically, the 

unloading cycle can be related to a pure elastic deformation, while the load cycle 

is related to an elastoplastic deformation [134]. The typical P vs. h graph can be 

depicted (see Figure 33). Using different analysis methodologies in the P vs. h 

graph, it is possible to extract the hardness and elastic modulus parameters.   
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Figure 33. Applied load (P) vs. displacement (h) curve of load-unload instrumented 
indentation test. (Reproduced with permission from [135]). 

 

As it can be seen in Figure 33, other parameters can be appreciated, such as 

maximum load (Pmax), maximum displacement or penetration (hmax), final depth 

(hf), and the elastic unloading stiffness (S) [135]. Applying the methodology used 

by Oliver & Pharr [135,136], equations (4.3.4) and (4.3.5) were used to calculate 

hardness and elastic modulus, respectively.   

 

 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴
                                                         (4.3.4) 

 

𝑆 =
𝑑𝑃

𝑑ℎ
=

2

√𝜋
Ε𝑟√𝐴                                               (4.3.5) 

 

In order to obtain a standard deviation for hardness and elastic modulus by 

nanoindentation, an array of nanoindentation is performed (See Figure 34 Top). 

As a result of the assay and applying Oliver and Pharr's methodology, the 

hardness and elastic modulus parameters were calculated and represented 

against the displacement (See Figure 34 Bottom).  
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Figure 34. Top: An array of nanoindentation of 25 indentations (square 5x5) for the 10Ce-
5Al2O3 composite, using a Berkovich diamond tip and a maximum penetration depth of 
200 nm. Bottom: Hardness and elastic modulus vs. displacement for 10Ce-1CaO-Al2O3 
composites.  

 

4.3.5 Scratch Damage 
 

The scratch damage test was done using a Rockwell indenter with a cone shape 

with a 10 µm tip radius. This assay allows checking the wear resistance of the 

material across a determined distance when the load is increasing. When the 

load is lower, microcracks can be observed in the material at the beginning of 

the scratch showing a smooth plastic deformation [137]. However, as the load 

increases, larger cracks are generated. In tough materials like 10Ce-TZP ceramics, 

it can be seen that these larger cracks do not occur. Here it was observed that 

the addition of calcia (1 mol%) and alumina (2.5-15 wt%) made the composites 

more tolerant to damage in comparison to the monolithic materials such as 3Y-

TZP and 10Ce-TZP (See Paper II).    
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4.3.6 Mechanical Strength  
 

• Biaxial bending strength 

Ball-on-three ball (B3B) 

In this test, one surface of the sample in the form of a disk is in contact with three 

balls and is pressed to fracture from the opposite surface by another sphere. The 

configuration of the test is shown in Figure 35. To measure the biaxial bending 

strength is used the equation (4.3.6) proposed by Fett et al. [138].  

 

𝜎𝑚𝑎𝑥 ≅
3𝐹(1 + 𝑣)

4𝜋2
+ [2 𝑙𝑛 (

𝑅

𝛼𝑡
) 

1 − 𝑣

1 + 𝑣
(

𝑅

𝑅𝐷
)

2

]                    (4.3.6)  

 

where 𝐹 is the applied load, 𝑡 is the thickness of the disk, 𝑣 is the Poisson ratio 

(0.25 for ceria-stabilized zirconia ceramic) [139], 𝑅𝐷 is the disk radius, 𝑅 is the 

flexure radius (approx. 0.35mm), and α is a fitting parameter equal to 0.2. Six 

discs per each composition were tested.  

 

 

 

 

 

 

 

Figure 35. a) Cross-section of the experimental set-up for the ball on three ball test. b) 
Isometric view of the positioning of the balls relative to the sample. c) Example of a stress 
field at the tensile side of the disk for a typical loading situation. (Reproduced with 
permission from [140]). 
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The problem with using these biaxial bending tests is the overestimation in the 

strength values for transformable ceramics. The transformation zone is observed 

first on the tensile side, but the transformation size increases as the load 

increases. This transformation makes a stress redistribution, which makes the 

materials support high loads [66].  

 

• Flexural strength  

Three- and four-point bending  

The geometry of these samples should be prismatic or cylindrical bars. These 

bars are recommended to have specific dimensions by the standards, as is 

illustrated in Figure 36. The prismatic bars edges were chamfered to avoid crack 

nucleation at the edges, avoiding stress concentration or defects.   

 

 

 

 

 

 

 

 

 

Figure 36. Sample geometry for three- and four-point flexural bending test for strength. 

 

In order to calculate the strength values, equations (4.3.7) and (4.3.8) are used 

for three-point bending and four-point bending, respectively. 
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     𝜎 =
3𝑃𝐼

2𝑤𝑏2
                                                          (4.3.7)    

 

    𝜎 =
3𝑃𝐿

4𝑤𝑏2
                                                          (4.3.8)   

 

where 𝜎 is the flexural strength, 𝑃 is the breaking load, 𝐼 is the test span,  𝐿 is the 

center-to-center distance between outer support rollers, 𝑤 is the bar width 

(perpendicular to the applied load), and 𝑏 is the bar thickness (side parallel to 

the applied load) [139]. The arrangement to measure flexural strength by three-

point and four-point is illustrated in Figure 37a and Figure 37b, respectively.  

 

 

 

 

Figure 37. Arrangement for the measurement of flexural strength by a) three-point 
bending and b) four-point bending. 

 

4.3.7 Fracture Toughness   
 

Fracture toughness is defined as the resistance of the material to fracture when 

a crack or some defect is present [141]. There are several ways to measure 

fracture toughness in ceramics materials. Some of these are present below. 

 

• Vickers Indentation Fracture Toughness (VIF) 

It is the most often used test to evaluate fracture toughness in brittle ceramics. 

It consists of applying a specific load on the sample polished surface, using a 

Vickers indenter (pyramidal shape) to make an imprint and thereby generate 

cracks that emanate from its corners. Depending on the toughness of the 

ceramic, several crack pattern can occur. The two most usual crack patterns are 
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the Palmqvist crack pattern and the radial-median crack pattern (also known as 

the half-penny pattern) [142–145], as is illustrated in Figure 38.   

 

 

 

 

 

 

 

 

Figure 38. Fracture toughness measure by Vickers Hardness. Palmqvist Crack (left) and 
Median Crack (right). (Reproduced with permission from [146]). 

 

The Palmqvist crack pattern is presented in materials with high fracture 

toughness, while the radial-median crack pattern is obtained in materials with 

low fracture toughness [143]. To verify the kind of crack pattern present in the 

material, it is used the relation 𝑐/𝑎, where 𝑐 is the crack length from the center 

of the indentation up to the crack tip, and 𝑎 is the half value of the diagonal of 

the imprint. Very often in the Palmqvist crack pattern, the crack length is written 

in terms of 𝑙 instead of  𝑐 (see Figure 38), where 𝑙 is given by:  

𝑙

𝑎
=

𝑐

𝑎
− 1                                                 (4.3.9) 

Niihara et al.[147] was proposed a mathematical expression to related their 

concepts. It is usually found that cracks are of Palmqvist type when  (0.25 < 𝑐/𝑎 -

1 < 2.5), and radial-median crack type when they are long compared with the a, 

that is for (𝑐/𝑎 > 2.5)[147].  

There are different equations to calculate fracture toughness for both Palmqvist 

cracks and radial-median cracks. However, the most common equation used for 
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Palmqvist cracks is that proposed by Niihara et al. [147], and for radial-median 

cracks is that given by Anstis et al. [148]. Both equations are presented below: 

 

Niihara equation for Palmqvist cracks: 

𝐾𝐼𝑐 = 0.018𝐻√𝑎 (
𝐸

𝐻
)

0.4

(
𝑐

𝑎
− 1)

−1/2

                   (4.3.10)  

 

Anstis equation for radial-median cracks:  

𝐾𝐼𝑐 = 0.032𝐻√𝑎 (
𝐸

𝐻
)

1/2

(
𝑐

𝑎
)

−3/2

                            (4.3.11) 

where 𝐾𝐼𝑐 is the fracture toughness, 𝐻 is the hardness,  𝑎 is the half value of the 

diagonal of the imprint, 𝐸 is the elastic modulus, and 𝑐 is the crack length from 

the center of the indentation up to the crack tip.  

 

Another equation for median-radial cracks was also proposed by Niihara in the 

same paper referenced above [147]. It is given by: 

𝐾𝐼𝑐 = 0.067𝐻√𝑎 (
𝐸

𝐻
)

0.4

(
𝑐

𝑎
)

−3/2

                            (4.3.12) 

 

This relation contains the exponent 0.4 for 𝐸/𝐻 and would lead to 𝐾Ic values 

about 50% higher than Anstis equation (4.3.11) for common values of 𝐸/𝐻 of 

about 20.  

In Figure 39, Niihara equations for Palmqvist and radial median cracks are plotted 

in the range where they are valid. From these curves 𝐾Ic can be determined.  
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Figure 39. Determination of KIc from Vickers indentation cracks: the solid curve 
corresponds to radial median cracks, and the dashed curve corresponds to Palmqvist 
cracks (Reproduced with permission from [149]). 

 

Depending on the kind of ceramic, the Vickers Indentation Fracture Toughness 

test (VIF) can be valid or not. For 3Y-TZP with low transformability, it can be 

appreciated that four cracks with a high length appear at the corners of the 

imprint (see Figure 40a). Once the type of crack is known, applying the 

corresponding equation, the value of 𝐾Ic obtained can be considered an 

approximation to the actual fracture toughness, and this value is very often 

reported in the literature.  

However, in more transformable ceramics, like 10Ce-TZP, cracks are often not 

generated at the imprint corners, or they are very small so that c/a is close to 1. 

The absence of indentation cracks is often related to the high transformability of 

the material, which induces an uplift in the material due to the t-m phase around 

the indentation imprint (see Figure 40b). 
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Figure 40. Vickers indentation of a) 3Y-TZP view under an optical microscope and b) 
10Ce-TZP view under Nomarski interferometry.  

 

In that sense, neither Niihara nor Anstis can be used for these transformable 

ceramics. The four lengths of the cracks in the corner of the imprint are too short, 

and the material around indentation has a non-elastic behavior in order to use 

the equations given above for fracture toughness determination.   

In order to evaluate fracture toughness of these kinds of transformable ceramics, 

other methods should be used where, for example, a precrack as a defect is 

generated (notch) as in the SEBN, SEVNB, etc. These methods will now be 

explained.  

 

• Single Edge V-Notched Beam (SEVNB) 

To measure fracture toughness in this test, a V-shape notch is machined using a 

diamond cutting disk in a bar-shaped specimen according to the ISO standard 

6872 [139]. The notch is performed perpendicular to the length of the bar (see 

Figure 41). To sharpen the notch depth, a razor blade is used, adding diamond 

paste [150]. The radius of the notch varies and depends on the microstructure of 

the material [151–153]. Several studies have shown that the wider the notch 

radius, the higher the fracture toughness values. Below a given notch radius, the 

fracture toughness becomes independent of the radius. 
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𝐾𝐼𝑐 = 𝜎√a𝑌 =
𝑃

𝑏√𝑤
𝑥

𝑆1 − 𝑆2

𝑤
𝑥

3√𝛼

2 − (1 − 𝛼)1.5
𝑌                 (4.3.13) 

    𝛼 =
a

𝑤
 

    𝑌 = 1.9887 − 1.326𝛼 −
(3.49 − 0.68𝛼 + 1.35𝛼2)𝛼(1 − 𝛼)

(1 + 𝛼)2
 

where 𝐾𝐼𝐶  is the fracture toughness, 𝜎 is the fracture strength, a is the average 

notch depth, 𝑃 is the fracture load, 𝑏 is the bar thickness, 𝑤 is the bar width, 

𝑆1, 𝑆2 are the support spans (𝑆1 > 𝑆2), 𝛼 is the relative V-notch depth, and 𝑌 is 

the stress intensity shape factor. Four bars of each composition were broken to 

obtain the average fracture toughness value.  

 

 

 

 

 

 

 

Figure 41. Sample geometry for three-four-point flexural bending test for fracture 
toughness using SEVNB. 

 

• Single Edge Precracked Beam (SEPB) 

This method is a variation of the traditional single-edge notched beam method. 

The SEPB uses the “bridge indentation,” which consists of making an indentation 

at the center of the top of the sample surface, which allows generating the 

initiation of the precrack. The crack grows when a load is applied to both sides 

of the indentation parallel to the crack [154].  After that, the bars are fractured 

in three-point flexure, and the fracture toughness is calculated following the 

Srawley equation [155]: 
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𝐾Ic =
3𝑆𝑃

2𝐵𝑊2
𝑐0.5𝐹(𝛼)                                        (4.3.14) 

𝛼 = 𝑐/𝑊 

𝐹(𝛼) =
1.99 − 𝛼(1 − 𝛼)(2.15 − 3.93𝛼 + 2.7𝛼2)

(1 + 2𝛼)(1 − 𝛼)1.5
 

where  𝑆 is the moment arm of the three-point fixture (16 mm), 𝑐 is the pre-crack 

length, 𝛼 is the normalized pre-crack length, 𝑊 is the specimen height, 𝐵 is the 

specimen width, and 𝑃 is the load at fracture.  

 

• Chevron Notch Beam (CNB) 

This method consists of the generation of a Chevron notch (a groove with a “V” 

shape) that is difficult to get with cutting discs (see Figure 42). When the load is 

applied, a crack is formed at the tip of the “V” Chevron notch, which is 

propagated as the load increase up the maximum load is reached and the sample 

break [150]. The main advantage of the samples with chevron notches is found 

in that no sharp precrack has to be introduced. This sharp crack is generated 

when the load is applied [149]. 

 

𝐾Ic =
𝐹max

𝐵√𝑊
𝑌m

∗                                                    (4.3.15) 

 

𝛼 = 𝑎/𝑊  

 

𝑏 = 𝐵
𝑎 − 𝑎0 

𝑎1 − 𝑎0 
 

𝑌m
∗ = (3.08 + 5.00𝛼0 + 8.33𝛼0

2) {1 + 0.007√
𝑆1𝑆2

𝑊2 }
𝛼1 − 𝛼0

1 − 𝛼0

𝑆1 − 𝑆2

𝑊
 

where  𝐹max is the maximum load, 𝐵 is the thickness of the sample, 𝑊 is the 

width of the sample, 𝑌m
∗  is the geometric function, in this case for four-point 
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bending specimens, 𝛼0 and 𝛼1 are the notch parameters and 𝑆1 and 𝑆2 are the 

outer and inner roller distance, respectively.  

 

 

 

 

 

Figure 42. Chevron notch in four-point bending test. (Reproduced with permission from 
[156]). 

 

 

4.3.8 Strength and fracture toughness relationship 
 

The Y-TZP ceramics have an excellent combination of high strength and 

toughness, which make them strong candidates for structural applications [2]. 

These two important properties in ceramics are governed by Griffith’s law [157]:  

𝜎𝑓 =
𝐾I𝑐

𝑌√𝜋𝑎𝑐

                                              (4.3.16) 

where 𝜎𝑓 is the flexural strength, 𝐾I𝑐 is the fracture toughness, 𝑌 a geometrical 

factor, and 𝑎𝑐 is the critical flaw. From equation (4.3.16), it can be seen that the 

strength increases with fracture toughness. This agrees with experimental data 

as far as the mechanical behavior is practically only elastic.  However, as fracture 

toughness increases beyond a certain value, plastic deformation generally occurs 

before fracture so that the above equation is not obeyed. The experimental 

relationship between strength and fracture toughness for zirconia ceramics 

doped with magnesia (MgO), yttria (Y2O3), or ceria (CeO2) is illustrated in Figure 

43 [158]. In these cases, as the material becomes more tough and transformable, 

deformation starts before fracture, so equation (4.3.16) is not obeyed. This 

roughly corresponds with the peak of Figure 43. Beyond the peak, the strength 

decreases with fracture toughness.  
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Some factors like stabilizer amount, powder processing, and sintering conditions 

can modify the final grain size, which produces a change in strength [46] and 

fracture toughness [47]. Several studies have found a correlation between grain 

size and strength [53][159,160]. The larger the grain size, the lower strength, and 

vice versa. For that reason, the reduction in grain size is one of the main 

objectives in the elaboration of ceramics.  

 

 

 

 

 

 

 

 

 

Figure 43. Strength versus fracture toughness results for various PSZ and TZP systems. 
(Reproduced with permission from [13]). 
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5 SUMMARY OF THE RESULTS  

 

This section presents the main results obtained in the three published 

manuscripts, annexed in Chapter 7.  

Paper I 

Low Temperature Degradation and Mechanical Properties of Alumina 

Reinforced Ceria-Zirconia by Colloidal Processing. 

D. Tovar-Vargas, B. Ferrari, A.J. Sánchez-Herencia, M. Anglada, E. Jiménez Piqué. 

Journal of the European Ceramic Society 41 (2021), 1459-1470. 

 

This article investigates the effects of alumina additions in reducing the zirconia 

grain size and their effect on mechanical properties and aging in materials 

prepared through colloidal processing. As a part of this processing, the alumina 

particle surface charge is modified by the addition of Polyacrylic Acid (PAA) at 

pH: 9 to avoid the agglomeration between the same alumina particles and 

zirconia particles (see Figure 44). Furthermore, this superficial charge 

modification increases densities and a more homogeneous alumina distribution 

is achieved.  

 

 

 

 

 

Figure 44. a) Measurement of 10Ce-TZP and α-Al2O3 powders stabilization through zeta 
potential as a function of pH. The isoelectric point is found to 10Ce-TZP at a pH: 7 and to 
α-Al2O3 at a pH: 9.5. b) Follow up of the superficial charge modification in the alumina 
particles by the addition of PAA. Upon reaching a constant value, a complete coating of 
the particle by the polymer has been achieved. 

The results show a reduction in the zirconia grain size compared to the 10Ce-TZP 

base ceramic because alumina inhibits zirconia grain growth. Regarding the 

mechanical properties, an increase in both hardness and strength is reached due 

to the zirconia grain size reduction. Regarding hydrothermal degradation 
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resistance, the samples with the highest alumina content (5-15 wt%) show an 

improved hydrothermal degradation resistance. The increase in monoclinic 

phase content after 60 hours of accelerated aging was less than 3%.  

 

Paper II 

Enhancement of mechanical properties of ceria-calcia stabilized zirconia 

by alumina reinforcement. 

D. Tovar-Vargas, M. Turon-Vinas, M. Anglada, E. Jiménez Piqué. 

Journal of the European Ceramic Society 40 (2020),3714-3722. 

 

This work aims to reduce the zirconia grain size by adding a fixed 1 mol% of CaO 

and different alumina content (0-15 wt%) through powder milling processing in 

order to increase hardness (Figure 45a) and strength (Figure 45b) while 

maintaining a high aging resistance.  

 

 

 

 

 

Figure 45. a) Vickers hardness measure as a function of the alumina content. The other 
signs represent the hardness value for ceramics materials used as a reference. b) Biaxial 
tensile strength as a function of alumina content. The composites with 5 and 10 wt% 
reached strength values similar to 3Y-TZP ceramics reported values.  

The results show a clear reduction in the zirconia grain size for all the composites 

compared to the 10Ce-TZP base material (⁓2 µm), being more evident in the 

10Ce-1CaO-2.5Al2O3 composites (⁓0.4 µm). As a result of reducing the zirconia 

grain size, an increase in both hardness and strength is observed. Regarding 

aging, all the composites present less than 4% of monoclinic phase content after 

a time of 60 hours in the accelerated aging test, which shows its high 

hydrothermal degradation resistance.  
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Paper III 

Mechanical Properties of Ceria-Calcia stabilized Zirconia Ceramics with 

Alumina Additions.  

Tovar-Vargas D., Roitero E., Anglada M., Jiménez Piqué E., Reveron H. 

Journal of the European Ceramic Society 41 (2021) 5602-5612.  

This study aims to determine fracture toughness by the SEVNB method in 

composites with the same composition studied in the previous work but with a 

different powder processing route. As a comparison, fracture toughness is also 

measured by the VIF method to show the difference in values with respect to the 

SEVNB method when used in transformable ceramics (see Figure 46a).   

 

 

 

 

 

 

Figure 46. a) Difference between fracture toughness values measured both the SEVNB 
method and the VIF method for transformable ceramics. b) Three-point flexural strength 
measure as a function of the zirconia grain size. Three ceramics as a reference has been 
included to compare the strength enhancement.  

The main results obtained in this study show that the developed composites 

reached full density (around 99.9%). As a consequence of the powder processing 

route used, a duplex microstructure is obtained. Two kinds of particle size 

populations for alumina are present. The first population presents an average 

size between 0.3 and 0.5 µm, while the second one shows an average size 

between 3 and 10 µm. As a result of this duplex microstructure, the zirconia grain 

size was not reduced. However, it still maintains a moderate fracture toughness 

and, at the same time, an increase in strength (see Figure 46b). Moreover, this 

study shows that the VIF method is unsuitable for measuring fracture toughness 

in this high transformable ceramics because residual indentation stresses are 

partially released as phase transformation. 
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Chapter 6. CONCLUSIONS AND FUTURE 

WORK 
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6 CONCLUSIONS AND FUTURE WORK  

 

CONCLUSIONS 

 

The influence of processing routes on the final properties of the 10Ce-TZP based 

composites has been emphasized. Colloidal processing, together with the 

modification of alumina surface charge, makes it possible to obtain composites 

with high density (> 98.5%). Likewise, with the alumina reinforcement, a grain 

size reduction is achieved, producing an increase in hardness and strength. 

Moreover, all the composites present a high resistance to low-temperature 

degradation.  

The addition of calcia (1 mol%) to 10Ce-TZP/Al2O3 composites gives rise to 

composites with lower densities (< 98.5 %) as compared to the starting 

composites. However, the presence of calcia and alumina reduces the grain size, 

which results in an increase in hardness and strength. Furthermore, the high 

resistance to aging 10Ce-TZP/Al2O3 is still maintained.    

The composites were also elaborated with a new powder processing route (ball 

milling, drying by slip casting, and posterior grinding). The resulting composites 

have high densities (> 99.7%) and a new duplex microstructure (small alumina 

grains embedded in zirconia matrix and large alumina grains). Although the grain 

size reduction was only moderate, an increase in hardness and strength 

compared to 10Ce-TZP based ceramics was reached. Moreover, moderate 

fracture toughness values were obtained by the SEVNB method, similar to 3Y-

TZP ceramics and maintaining high resistance to degradation.   
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FUTURE WORK  

 

The stabilizer content is a critical factor in maintaining the zirconia tetragonal 

phase at room temperature; during the development of the composites 

throughout this thesis, an overstabilization of the zirconia tetragonal phase was 

observed, which hampered the increase of fracture toughness. It is advisable to 

continue working with ceria and calcia stabilizers but with a variation of their 

content: either by decreasing the amount of ceria (between 9 and 10 mol% CeO2) 

and leaving the amount of calcium fixed (1 mol% CaO) or leaving the amount of 

ceria fixed (10 mol% CeO2) and varying the amount of calcium (between 0.5 and 

1 mol% CaO) in order to strengthen both hardness and fracture toughness.  

Another field of interest is additive manufacturing. The composites developed 

throughout this thesis were elaborated by conventional methods (uniaxial and 

CIP pressed) with good mechanical results. However, additive manufacturing, 

known as 3D printing, would allow for a dental application. The actual teeth 

elaboration could be done through the established parameters using the 

composition of the composites here developed, also ensuring teeth with a 

natural aesthetic appearance similar to the real ones and optimal mechanical 

properties.  

The use of flash sintering techniques is another avenue to explore. The 

composites in this thesis were sintered by conventional sintering methods giving 

excellent results. However, flash sintering techniques would allow obtaining 

sintered composites within seconds; this allows for reducing the high 

temperatures and longs sintering times, obtaining the same results as with the 

conventional sintering methods currently used  

Finally, in another application field, it would be convenient to perform biological 

tests in the developed composites. In this thesis, hydrothermal degradation tests 

were carried out to determine the aging resistance grade of the composites; 

however, it would be necessary to perform tests in more realistic scenarios, for 

example, in body fluids like saliva for dental applications. Moreover, tests of 

bacterial and cell adhesion for bone regeneration in medical applications could 

be developed.  
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A B S T R A C T

10Ce-TZP base composites with 2.5, 5, 10 and 15 wt% alumina were fabricated by colloidal processing from 
slurries with 41 vol% solid load in order to investigate the effects of alumina in the final composites aging and 
mechanical properties. Alumina particle surface charge was modified with the addition of 3 wt% of PAA. The 
resulting composites have high relative densities (~ 99%) and homogeneous alumina distribution. The micro-
structure is refined by the alumina addition resulting in a tetragonal-monoclinic microstructure with monoclinic 
phase content diminishing with alumina concentration down to 16 vol% in 10Ce-15Al2O3 composite. From the 
study of hydrothermal aging in autoclave steam at 134 ◦C and 2 bar pressure, it is concluded that all composites 
have very high resistance to low temperature degradation. At the same time, mechanical properties were 
investigated by measuring hardness, elastic modulus, strength and t-m transformation around Vickers and 
spherical indentations. The t-m transformation extension around imprints prevents the formation of Vickers 
indentations cracks, which indicates a high level of damage tolerance for all compositions. In particular, for 
10Ce-15Al2O3 composite, an excellent combination of hardness (~10 GPa), strength (~1400 MPa), damage 
tolerance, and resistance to low temperature degradation is achieved.   

1. Introduction 

Zirconia is used in many applications, where high mechanical 
properties and reliability are required. Zirconia ceramics also present 
aesthetic appearance and high-grade biocompatibility [1] which makes 
it the material of choice for dental applications. Among the different 
types of zirconia, 3Y-TZP is the most familiar type of zirconia because of 
its high mechanical properties, namely fracture toughness (~ 5 MPa. 
m1/2), strength (~1 GPa) and fine microstructure with a small grain size 
of ~300 nm [2]. The localized martensitic transformation from the 
metastable tetragonal phase to the monoclinic phase (t→m), which is 
accompanied by volume expansion of around 4%, plays a key role in the 
enhancement of mechanical properties [3]. 

One disadvantage of 3Y-TZP is the so-called low temperature 
degradation (LTD), also known as hydrothermal degradation or aging 
[4–5]. This event occurs when metastable tetragonal zirconia sponta-
neously transforms into monoclinic zirconia triggered by the presence of 
water molecules on the material surface in a humid environment in a 

range of temperatures between room temperature and several hundred 
degrees Celsius. The resistance to LTD of 3Y-TZP can be improved by the 
addition of small amounts of alumina which increases the zirconia grain 
boundaries cohesion [6] but still, LTD remains as the main drawback for 
using 3Y-TZP in humid environments. 

Other studies of LTD in zirconia have put the focus on using other 
oxides that stabilize the tetragonal phase and make the material resis-
tant to LTD. For example, Ceria-doped zirconia ceramics (Ce-TZP) 
exhibit both high fracture toughness and resistance to LTD, but its 
relatively large grain size (~2 μm) and easy transformability makes the 
strength being controlled by the triggering of the t-m transformation [2]. 
As a result, the strength of 10Ce-TZP is much lower than that of 3Y-TZP. 

One of the approaches for reducing the grain size in Ce-TZP and 
increase consequently strength, is adding alumina as a second phase in 
order to inhibit grain growth during sintering and reduce trans-
formability [7]. The resultant composite is harder with reduced (t→m) 
transformation. Among the authors which have explored these com-
posites, Sato et al [8] sintered Ce-TZP/Alumina composites at 1500 to 
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1600 ◦C in air, and after that, postsintering in a hot isostatic pressing in 
argon atmosphere was done, obtaining an increase in relative density, 
reduction in grain size (compare to the base material 12Ce-TZP) and 
improvement in fracture strength and fracture toughness. Kern [9] 
fabricated composites of 12Ce-TZP with 30 vol% alumina with two 
additions of 6 vol% strontium hexaaluminate and 6 vol% of lanthanum 
hexaaluminate showing the best properties for 12Ce-30Al2O3 compos-
ites, reaching high values of hardness, toughness and strength. In the 
case of 10Ce-TZP materials, Fornabaio et al. [10], elaborated two 
composites, 10Ce-TZP with 16 vol% alumina and 10Ce-TZP with 8 vol% 
alumina - 8 vol% strontium, obtaining full densification and grain size 
reduction of 0.5 μm ± 0.1 and 0.6 μm ± 0.2 respectively, in comparison 
with the 10Ce-TZP base material 1.7 μm ± 0.6, for the same sintering 
conditions (1450 ◦C, 1 hour). Also, in the early work of Nawa et al. [11] 
on 10Ce-TZP with 30 vol % alumina, very fine grain size of about 0.6 μm, 
high fracture toughness and strength of about 900 MPa were reported. 
Similar strength was achieved by Apel et al. [12] by incorporating 
MgAl2O4 as a second phase instead of Al2O3 in 10Ce-TZP. Ban et al. [13] 
compared Ce-TZP/Al2O3 composite (Nanozr) with 3Y-TZP (Tosoh) 
measuring mechanical properties before and after degradation treat-
ments (saline, acetic acid and autoclave) demonstrating that 
Ce-TZP/Al3O3 composites have high biaxial flexural strength and 
toughness and also high durability in terms of degradation. In a more 
recent work, composites of 10Ce-TZP with equiaxed α-Al2O3 and elon-
gated SrAl12O19 second phases were studied by Palmero et al [14], 
highlighting the necessity to carefully tailor and refine the microstruc-
ture, since the mechanical properties are significantly affected by the 
processing conditions and by the exact ceria content in the zirconia 
matrix [14–15]. 

One of the most successful processing routes for composites is 
colloidal processing with posterior slip casting. The advantage of this 
processing is the possibility to control the suspension structure during 
the fabrication [16–18]. Colloidal processing consists in the elaboration 
of stable suspensions varying the pH and the modification of the particle 
surface with the addition of dispersants, flocculants, and stabilizers to 
improve rheological parameters [19]. This technique has been success-
fully used in many studies [20–22]. Regarding 3Y-TZP, one important 
study is that of Moreno et al.[23], who used colloidal processing and slip 
casting with the addition of a deflocculant (Dolapix PC33). They pre-
pared very fluid suspensions for 40 vol% solid content resulting in high 
density sintered bodies (>99% TD). Zhang et al. [24] prepared a slurry 
of 3Y-TPZ adding Triton X-114 as a dispersant, achieving stable sus-
pensions for 45 vol% in solid load. Nikumbh et al. [25] compared the 
rheological characteristics of ZrO2 and 12-Ce-TZP with two different 
deflocculants, Darvan (polymethacrylic acid) and M2OC (ammonium 
polyacrylate). They concluded that M2OC was the best deflocculant to 
achieve minimum viscosity for casting both ceramics, getting high green 
densities. 

Alumina has therefore, been stablished as a successful reinforcement 
of TZP ceramics, with a general trend of reducing grain sizes and 
enhancing hardness. Even though different alumina additions (generally 
larger than 15 wt%) have been studied, there is still the need to un-
derstand the effects of different alumina additions in final composites. In 
order to establish the effects of small alumina additions in Ce-TZP 
composites, this works aims to investigate 5 different composites with 
addition of 0-15 wt% alumina and to stablish a robust processing route 
for the obtention of those composites based on slip casting. For that, the 
objective of this work is to obtain fully dense composites by colloidal 
processing of 10Ce-TZP with the addition of α- Al2O3 and to observe and 
understand the influence of the alumina content, with variations be-
tween 0 and 15 wt%, in mechanical properties and also in the hydro-
thermal degradation. The pinning effect of the dispersed phase, α-Al2O3, 
in the microstructure of the composites, and their mechanical response, 
are investigated. 

2. Materials and Methods 

2.1. Morphological and colloidal characterization of powders and 
mixtures 

Ceria-doped zirconia, 10Ce-TZP, (ZrO2 10 mol% CeO2 Daiichi CEZ- 
10) and α-alumina (α-Al2O3 Tamicron TM-DAR, Tamei Chemicals CO., 
Japan) were first characterized. The powder density was measured by 
helium pycnometry (Multipycnometer, Quantachrome Co., USA) and 
the particle size by Dynamic Light Scattering (DLS) using a Zetasi-
zerNano ZS (Malvern Instruments Ltd, UK). Specific Surface Area (SSA) 
was calculated by the Brunauer-Emmett-Teller (BET) method (Mono-
sorb Surface Area, Quantachrome Corporation, USA). To determine the 
stability of both 10Ce-TZP and α-Al2O3 powders in a liquid medium, the 
zeta potential was measured using laser Doppler velocimetry principle 
with a Zetasizer Nano ZS (Malvern Instruments Ltd, UK) at different pH 
for each powder. Several suspensions with concentrations of 0.1 g/l 
were tested using KCl 0.01 M as an inert electrolyte. Tetramethy-
lammonium hydroxide (TMAH, 0.1 M) and Nitric Acid (HNO3, 0.1 M) 
were added for pH adjustment (analysis grade reactants, Sigma Aldrich, 
Germany). Before measuring zeta potential, to enhance the dispersion, 
the suspensions were exposed to ultrasounds using an ultrasounds probe 
(UP 400S, Hielscher GmbH, Germany) for 1 min. Once zeta potential 
was measured and the isoelectric point was found, different amounts of 
Polyacrylic Acid (PAA, 2000 Mw, Across, Belgium) were added as a 
stabilizer, and the exact amount to fully cover the particles surface was 
determined. 

After stabilization, suspensions with high solid content were pre-
pared with different α-Al2O3 concentrations: 10Ce-2.5Al2O3, 10Ce- 
5Al2O3 10Ce-10Al2O3 10Ce-15Al2O3, where the number before α-Al2O3 
indicates the percentage in weight. Table 1 show the compositions of the 
suspensions both in weight and volume. Suspensions were milled with 
α-Al2O3 milling balls to break the agglomerates and improve powders 
mixture. The optimized milling time was 1 hour and 30 minutes. Pic-
tures and particle size distribution were determined for as-received 
powders. After, zeta potential studies were done to determine, at low 
concentrated suspension dispersed by ultrasound, the pH conditions and 
the amount of dispersant needed to stabilize both powders, for the vis-
cosity measurement and materials shaping, a milling process was 
considered in order to deagglomerate the powder. 

2.2. Rheology 

Concentrated suspensions with different solid loading contents were 
prepared in order to study the rheological behavior of the suspensions, 
and determine the best conditions to prepare the mixtures and achieve 
the maximum particle packing degree. Shear stress and viscosity were 
measured as a function of shear rate using a Haake Mars rheometer 
(Thermo Scientific, Germany) and a double cone plate (DC60/2º). The 
sequence was first in control rate mode (CR) shearing from 0 to 2000s-1 

in 1 min, dwelling at 2000s-1 for 1 min and shearing down to 0s-1 in 1 
min and finally in control stress mode (CS) increasing stress from 0 to 15 
Pa in 1 min and decreasing to 0 Pa in the same time. All the assays were 
carried out at a constant temperature of 25 ± 0.5 ◦C. 

Table 1 
Composition of the suspensions.  

Sample 10 Ce-TZP 
(wt%) 

α-Al2O3 

(wt%)* 
10 Ce-TZP/α-Al2O3 

(vol/vol) 

10Ce-2.5Al2O3 97.5 2.5 96.3/3.7 
10Ce-5Al2O3 95 5 92.6/7.4 
10Ce-10Al2O3 90 10 85.6/14.4 
10Ce-15Al2O3 85 15 78.9/21.1 

*Percentage calculated over the amount of 10Ce-TZP 
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2.3. Shaping and sintering 

Stabilized suspensions with 41 vol% in solid load content were 
poured in a plaster mold and left to dry during 48 hours at room tem-
perature. Later, green density was measured for all the compositions. To 
find appropriated sintering temperatures, dilatometry (Netzsch 
Gerätebau model 402 EP) of green body rectangular prism of 10Ce- 
15Al2O3 was measured using 10 ◦C/min heating and cooling rates and a 
maximum temperature of 1600 ◦C. Samples of the same composition 
were sintered at different temperatures (1450 ◦C, 1500 ◦C), dwell time 
(1 and 2 hours) and heating rate (3 ◦C/min, 10 ◦C/min). Once the sin-
tering conditions were identified, all the samples were sintered and the 
cylinder samples were cut in disks with 15 mm diameter and 3 mm 
thickness. Five disks of each composition were used for microstructural 
analysis and testing. Every disk was ground and polished using diamond 
disks and diamond pastes of decreasing particle size down to 1 μm 
obtaining a polish mirror-like surface. 

2.4. Microstructural and Mechanical Characterization 

Relative green density was measured from dimensional measure-
ments, and the theoretical density calculated from the rule of mixtures. 
After sintering, the density was determined using the Archimedes 
method with distilled water at 23 ◦C. Five samples of each composition 
were used for measuring the density in order to obtain an average value. 
To analyze the grain size, thermal etching was applied to all the samples 
at 1200 ◦C for 1 hour. Micrographs were taken using Field Emission 
Scanning Electron Microscopy (FESEM, Neon 40 Gemini, ZEISS) 
equipped with energy-dispersive X-ray spectroscopy (EDS). Grain size 
distribution was determined by the linear intercept method [26], 
without applying any correction factor. The identification of crystallo-
graphic phases present in the samples were undertaken by X-ray 
diffraction (XRD, D8 Advance, BRUKER) with Cu Kα1 (40 kV and 40 mA) 
radiation, 10 s.step-1 and 0.01◦ scan size from 20º and 70º - 2θ range, as 
well as μ-Raman microscopy (inVia Raman microscope RE 04, 
RENISHAW). Low Temperature Degradation (LTD) tests were performed 
in autoclave steam (Micro 8, SELECTA) with degradations conditions of 
134 ◦C and 2 bars pressure with a maximum degradation time of 60 
hours. The increase in the monoclinic phase volume Vm fraction was 
determined through XRD. Vm was quantified using Garvie et al. [27] 
equation, modified by Toraya et al. [28]: 

Vm =
1.311[Im( − 111) + Im(111) ]

1.311[Im( − 111) + Im(111) ] + It(101)
(1)  

where Im and It are the intensity of the monoclinic and tetragonal peaks, 
respectively. 

Vickers hardness was determined using a durometer (DuraScan, 
Emco-test) by applying a load of 294 N in order to generate cracks for 
determining indentations fracture toughness [29]. Five indentations in a 
single sample for each composition were done. In addition, spherical 
indentation was used to analyze the plastic deformation, cracking 
behavior and susceptibility to t-m transformation at the surface. These 
tests were carried out with a universal testing machine (INSTRON 8511) 
using a tungsten carbide (WC) sphere of 2.5 mm diameter as indenter 
and loads of 2000 N, 3000 N, 4000 N and 5000 N [30]. One indentation 
per load was performed for all the compositions. Biaxial flexure strength 
was measured by the ball on three-ball test (B3B) using the above uni-
versal testing machine. Strength (σmax) was calculated by equation (2) 
proposed by Fett et al. [31]. 

σmax ≅
3F(1 + v)

4πt2 +

[

2 ln
(

R
αt

)
1 − v
1 + v

(
R

RD

)2
]

(2)  

where F is the applied load, v is the Poisson ratio (taken as 0.28 [32]), t is 
the thickness of the disk, α is a fitting parameter (0.2), R is the flexure 

radius and RD is the disk radius. Five disks per composition were tested. 
Nanoindentation test (Nanoindenter XP, MTS) was performed in one 

sample of each composition using a Berkovich diamond tip with its 
shape factor calibrated against fused silica. A square array of 5 × 5 in-
dentations with a maximum penetration depth of 200 nm was done on 
mirror-like surfaces. A Poisson ratio of 0.32 (average between Poisson 
coefficient of zirconia and α-Al2O3) was assumed. Results were analyzed 
by the Oliver and Pharr method [33]. 

3. Results and Discussion 

3.1. Shaping and Sintering of Ceramic-Ceramic Composites 

The morphology of powders from SEM micrographs is presented in 
Fig. 1. Both powders, 10Ce-TZP (Fig. 1a) and α-Al2O3 (Fig. 1b), appear of 
similar sizes below 200 μm scale with a somewhat more homogeneous 
distribution for 10Ce-TZP. A closer inspection of the micrograph, pre-
sented as an inset, reveal a fine particle size of less than 1 μm for both 
powders. The characterization of the initial powders is presented in 
Table 2. BET diameter (DBET) was calculated using the equivalence (DBET 
= 6/ SSA*ρ) where SSA is the specific surface area and ρ the powder 
density. The agglomeration factor (Fagg) was calculated by means of the 
quotient (Dv50/ DBET) evidencing the agglomeration state of as-received 
powder, showed by micrographs. 

The quantitative particle size distribution, as measured by DLS, is 
shown in Fig. 1c. The large peaks in the distribution correspond to the 
fine fraction and give an average particle size of ~0.58 μm for 10Ce-TZP 
and ~0.63 μm for α-Al2O3, in agreement with the inset of SEM micro-
graphs that shows the semi-spherical morphology of the particles. The 
smaller peaks represent the coarse fraction that ranges from 3-10 μm for 
10Ce-TZP and 3-20 μm α-Al2O3. These sizes correspond to the agglom-
erates of the powders and they are more evident in the case of α-Al2O3 
(given the larger relative size of the coarse fraction peak). Since the 
particle size distribution is obtained in suspension, this reflects that 
α-Al2O3 particles agglomerates are more difficult to break apart. 

The zeta potential evolution with pH for 10Ce-TZP and α-Al2O3 was 
measured in 0.1 g/l suspensions. Fig. 2a shows the isoelectric point of 
10Ce-TZP at pH 7, that is, for pH smaller than 7, the surface charge is 
positive and negative otherwise. In the case of α-Al2O3, its isoelectric 
point is around a pH of 9.5. This means that for pH < 9.5, α-Al2O3 
particles have a positive superficial charge and it is negative otherwise. 
At pH 9 both powders have a different superficial charge (10Ce-TZP 
negative and α-Al2O3 positive) which makes the particles of both pow-
ders to have an electrostatic attraction between them, which would 
cause formation of agglomerates if they are mixed in the current 
chemical conditions, and the consequent coagulation of the suspensions. 
To avoid this kind of powder segregation, the modification of the su-
perficial charge of one of these powders is required. The addition of an 
anionic polyelectrolyte for the charge modification of α-Al2O3 particles, 
in this case Polyacrylic Acid (PAA), is proposed. In order to assess the 
correct adsorption of PAA assembled onto α-Al2O3 particles, the zeta 
potential as a function of PAA amount is measured (presented in 
Fig. 2b). At a pH 9, PAA has a negative charge (its functional carboxyl 
groups (COOH) are deprotonated (COO-)), and its adsorption would 
change the superficial charge of α-Al2O3 particles to negative values. 
The surface of the α-Al2O3 is considered to reach its maximum adsorp-
tion (coating or saturation) when the maximum absolute value remains 
constant. For small PAA amounts of up to 1%, the maximum saturation 
is not reached yet, while at 3% PAA amount, the maximum saturation is 
achieved when zeta potential is − 40 mV. Consequently, 3% of PAA was 
finally used to stabilize suspensions with high solid content. The 
modification of the surface charge for alumina particles is shown in 
Fig. 3. For 10Ce-TZP particles, as-received powder was added without 
modification of their superficial charge into the mixing of the already 
modified α-Al2O3 particles. 

Fig. 3. Modification of the superficial charge in alumina particle and 
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its behavior with 10Ce-TZP particle. 
After that, 45 vol% suspensions of the mixture of 10Ce-TZP and 

α-Al2O3 were formulated as described in Table 1, with contents of 
α-Al2O3 2.5, 5, 10 and 15 wt% and they were diluted down to 43, 41, 39, 
37, 36 and 35 vol% in order to determine their rheological properties. 

The rheological behavior of the suspensions was analyzed through 
the change in viscosity with the shear rate and it is shown in Fig. 4a-d. 
The horizontal black dotted line shows the limit of 100 mPa-s required 
for slip casting suspensions. The vertical black dotted line (Figs. 4a-d) 
shows the viscosity values at 100 s-1 (η100 s− 1 ) used as reference to 
represent the Krieger-Dougherty model (Fig. 4f). 

For all the compositions (Figs. 4a-d), as solid content decreases, 
suspensions change from pseudoplastic to Newtonian flow. This is, at 
high solid contents viscosity decreases as the shear rate increases and 
viscosity remains almost constant as a function of shear rate for low solid 
contents. Fig. 4e displays the 41 vol% solid content of the four different 

10Ce-TZP/α-Al2O3 composites. It can be seen that the higher the α-Al2O3 
content, the lower the viscosity in the suspension. A solid loading of 41 
vol% is the appropriate particle concentration for slip casting where the 
limit for casting is 100 mPa-s viscosity for 100 s-1 shear rate. 

In order to obtain the maximum packing and verify the dispersion in 
the suspensions, the Krieger-Dougherty approximation [34] is used. In 
this model, the relative viscosity at 100 s-1 (η) (for suspensions with 
different concentrations 45, 43, 41, 39, 37, 36 and 35 vol%), is fitted as a 
function of the volumetric solid fraction (ϕ). The maximum package 
fraction (ϕm) and the intrinsic viscosity [η] are parameters, which are 
obtained from the fitted function shown in equation (3). Usually, the 
exponent is replaced by n, a value that depends on the particle shape. 

η =

(

1 −
ϕ

ϕm

)− [η]ϕm

(3) 

The results are shown in Fig. 4f. The inset table displays the 
maximum packing and the n values obtained for all the compositions. At 
higher packing, greater green density values will be obtained. For the 
10Ce-2.5Al2O3 sample, the maximum packing fraction reached was 
47%, while for the other compositions with higher alumina content 
(10Ce-5Al2O3, 10Ce-10Al2O3 and 10Ce-15Al2O3) the maximum was 
51%. This indicates that the addition of α-Al2O3 enhance the packing 
conditions of the suspensions of the mixtures, and these conditions 
improve slip casting results, being only slightly lower the green density 
of the materials shaped from suspensions with lower α-Al2O3 content. 
On the other hand, the evolution of the viscosity with the volumetric 
concentration follows an exponential curve, as predicted by the Krieger- 
Dougherty model. From this curve, the maximum solid content (vol%) 

Fig. 1. SEM image as-received commercial powder of a) 10Ce-TZP and b) α-Al2O3. c) Particle size distribution for both 10Ce-TZP (blue line) and α-Al2O3 (red line) 
powders suspended in water. 

Table 2 
Physical properties of starting powders.  

Powder Density* 
(g/cm3) 

Specific Surface Area 
(m2/g) 

Particle Size (DV50) 
(μm) 

DBET 

(μm) 
Fag** 

10Ce-TZP 6.04 ± 0.01 13.46 ± 0.01 0.58 0.07 ~ 8 
α-Al2O3 3.99 ± 0.01 11.83 ± 0.01 0.63 0.13 ~ 5 

*Density measured by Helium pycnometry. 
**Agglomeration Factor. 
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for each suspension can be extracted, which allows having a suitable 
rheology for slip casting (around 100 mPa-s). As it can be seen in Fig. 4f, 
the optimized solid content was found in the range of 41-42 vol%. The n 
values obtained for all the compositions range between 2 and 2.5, 
implying that the shape of the particles is semi-spherical. 

Furthermore, to determine the rheological parameters defining 41 
vol% suspensions, viscosity curves were adjusted to mathematical 
models. The Cross Model equation [35] for pseudo-plastic systems was 
used: 

η = η∞ +

(
η0 − η∞

1 + αD2/3

)

(4)  

where η∞ is the limiting viscosity at infinite shear rate, η0 is the limiting 
viscosity at zero shear rate, D is the shear rate and α a constant. Ac-
cording to the above formula, the obtained results are shown in Table 3. 

The η0 and η∞ rheological parameters offer significant information 
about the behavior of the suspensions. On the one hand, when η0 values 
are high enough (η0 >10 Pa-s), the suspension is stable and segregation 
and sedimentation phenomena are hindered. On the other hand, low η∞ 
values (η∞ <100 mPa.s) imply the absence of problems during the ho-
mogenization (milling) process. In this study, 10Ce-15Al2O3 showed the 
optimal rheological conditions for mixing and casting following the 
criteria of Cross rheological parameters. Its η0 value is high enough to 
assume that the suspension is stable and it does not present sedimen-
tation phenomena. Furthermore, its η∞ value is low enough to prevail 
problems during the homogenization process. 

Following the above results, 41 vol% suspensions for all considered 
compositions (10Ce-2.5Al2O3, 10Ce-5Al2O3, 10Ce-10Al2O3 and 10Ce- 
15Al2O3) were poured in a plastic cylinder placed onto a porous rect-
angular plaster mold, to promote only one direction of filtration, and 
leave them to dry during 48 hours at room temperature. 

In order to determine the optimal sintering conditions, dilatometry 
analysis was carried out of a green body 10Ce-15Al2O3. Fig. 5 shows the 
shrinkage (left axis) and the rate of shrinkage (right axis) in terms of 
temperature of the dilatometry test. A first change in the slope begins at 

1200 ◦C and the second one occurs at 1500 ◦C, with a maximum 
shrinkage rate at 1300 ◦C. First slope change determines the starting 
point in the material sintering where the sample shrinkage is due to the 
formation of necks among particles; while the second change at 1500 ◦C 
determine the point of the shrinkage process. Consequently, for tem-
peratures higher than 1500 ◦C energy is employed to make the grain to 
grow. On the other hand, for so high temperatures and long dwell time 
can reduce porosity and favors the gran to grow without detrimental 
grain oversize. Whereas at low temperatures and short dwell times, 
smaller grain size and higher densities are obtained but the porosity 
increases [36,37]. Therefore, pieces of 10Ce-15Al2O3 composition, for 
diluted suspensions (20 vol% S.C) with a green relative density of 
around 49.2%, were sintered at two temperatures (1450 ◦C and 1500 
◦C), overpassing the maximum shrinkage (1300 ◦C), for dwell times of 1 
and 2 hours and heating/cooling rates of 3 and 10 ◦C/min in order to 
select the optimal conditions for high density. From the results (see 
Table 4), a temperature of 1500 ◦C, a dwell time of 1 h and heating and 
cooling rates of 10 ◦C/min, were selected as the best sintering condi-
tions, since the maximum density was achieved (96.8%) for these 
conditions. 

3.2. Characterization of Ceramic-Ceramic Composites 

According to the optimization of the suspension rheology and casted 
pieces sintering, samples of all compositions (10Ce-2.5Al2O3, 10Ce- 
5Al2O3, 10Ce-10Al2O3 and 10Ce-15Al2O3) shaped by casting using 41 
vol% suspensions were sintered at 1500 ◦C for 1 hour. The sintered 
samples were cut in disks with 15 mm diameter and 3 mm thickness. 
Each disk was ground and polished using diamond disks and diamond 
pastes of decreasing particle size down to 1 μm obtaining a polish 
mirror-like surface. As a first step, relative density was measured for all 
the samples (of concentrated suspensions, 41 vol% solid content) in both 
green and sintered states (Table 5). 

Pictures of the microstructure are displayed in Fig. 6, where low 
residual porosity and homogeneous α-Al2O3 distribution can be seen. 
This is also confirmed by performing an EDS of the samples (see Fig. 7), 

Fig. 2. a) Zeta potential as a function of pH for 10Ce-TZP (black squares) and α-Al2O3 (blue dots). The Isoelectric Point (IEP) for the 10Ce-TZP powder is around pH 
= 7 meanwhile the IEP for the α-Al2O3 powder is around pH = 9.5. b) Change in zeta potential due to the addition of PAA in the α-Al2O3 powder at pH = 9, small 
amounts of PAA result in a rapid change of zeta potential. 

Fig. 3. Modification of the superficial charge in alumina particle an its behavior with 10Ce-TZP particle.  
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which shows a homogeneous element distribution. 
The average grain size for all the composites is summarized in 

Table 5. There is general decrease of the grain size of the composites, 
which ranges between 0.54 and 0.74 μm, if compared with pure 10Ce- 
TZP (around 2 μm). In the composites, the highest value of grain size 
was obtained for 10Ce-2.5Al2O3. This can be explained by weaker in-
hibition of grain growth by the relatively lower amount of α-Al2O3 
present in this composition. A higher residual porosity in 10Ce-5Al2O3 
and 10Ce-10Al2O3 compositions can be observed, in agreement with 
density values in Table 5. For 10Ce-5Al2O3 and 10Ce-15Al2O3 the 
pinning effect of the α-Al2O3 preventing grain growth is stronger and 
similar in both cases. 

3.3. Low Temperature Degradation 

Fig. 8a and b show the XRD patterns and Raman spectra, respec-
tively, corresponding to samples in the initial conditions (0 hours of 

Fig. 4. Viscosity in terms of shear rate for all the diluted suspension for a) 10Ce-2.5Al2O3, b) 10Ce-5Al2O3, c) 10Ce-10Al2O3 and d) 10Ce-15Al2O3. e) Four com-
positions joined in 41 vol% solid loads. f) Krieger-Dougherty adjustment for α-Al2O3 additions to 10Ce-TZP. 

Table 3 
Rheological parameters of 41 vol% suspensions (Fig. 4e).  

Sample Solid Content 
(vol%) 

η0 
(Pa-s)  

η∞ 
(mPa-s)  

η100s− 1 
(mPa-s)  

r 

10Ce-2.5Al2O3 41 415.5 15.6 65.8 0.990 
10Ce-5Al2O3 41 82.4 38.9 64.9 0.999 
10Ce-10Al2O3 41 160.7 27.9 54.8 0.995 
10Ce-15Al2O3 41 91.5 25.3 44.1 0.998  

Fig. 5. Dilatometry of the 10Ce-15Al2O3 sample sintered at 1500 ◦C. The first 
sintering change in the sample occurs at 1200 ◦C; meanwhile, the maximum 
shrinkage was obtained at 1300 ◦C. 
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degradation). In XRD patterns, the monoclinic phase can be identified at 
28.2º and 31.3º, corresponding to the (-111) and (111) planes respec-
tively. The tetragonal phase was identified for (101) at 30.2º. The cubic 
phase was detected for (111) at 30.1º and overlapped with the tetragonal 
peak at 30.2º. For of α-Al2O3, the (104) plane peak was observed at 
35.15º. 

In the Raman spectra, the monoclinic phase is identified by detecting 
the doublet at 181-190 cm-1 [38]. The remaining peaks in Fig. 8b were 
tagged for both the tetragonal and monoclinic phases. The α-Al2O3 peak 
was located near to 1400 cm-1 [39], not shown in the graph. 

LTD tests were carried out for times up to 60 hours, performing X- 
Ray diffraction every 10 hours. An extra control measurement was done 
at 5 hours. Fig. 9 shows the degradation kinetics for all the compositions. 
An initial volume fraction of monoclinic phase is always present, being 
larger for 10Ce-2.5Al2O3 at 44% and lower for 10Ce-15Al2O3 at 16%. 
The 10Ce-5Al2O3 and 10Ce-10Al2O3 compositions had similar values of 
28 and 26% respectively. The monoclinic phase fraction decreased with 
increasing α-Al2O3 content. 

The degradation kinetics shows a similar trend for all the composites 
up to 30 hours, where it can be seen that the initial monoclinic phase 
fraction practically remains constant. This trend changes for degrada-
tion times larger than 40 hours: an increase in the monoclinic fraction of 
up 21% is observed in the compositions with small amounts of α-Al2O3 
(10Ce-2.5Al2O3 and 10Ce-5Al2O3). By contrast, it does not practically 
change for high α-Al2O3 compositions (10Ce-10Al2O3 and 10Ce- 
15Al2O3). Therefore, α-Al2O3 additions increase the aging resistance, 
being this effect more pronounced for larger amounts of α-Al2O3. 

In order to compare with other 10Ce-TZP composites, the behavior of 
10 mol% ceria-stabilized zirconia with equiaxed (Al2O3) and elongated 
(SrAl12O19) second phases from Palmero et al. [14] is also displayed in 
Fig.9. It can be seen that the present 10Ce-10Al2O3 and 10Ce-15Al2O3 
composites show higher degradation resistances, and as expected, it is 
also much higher than 3Y-TZP for which Roitero et al. [40] reported 
monoclinic fraction increases of 66% during the first 30 hours. 

3.4. Vickers Hardness 

The Vickers hardness values are summarized in Table 6. α-Al2O3 
additions produce an increase in the hardness from 7.5 up 10.2 GPa. This 
value is, however, not as high as for 3Y-TZP (about 13.1 GPa), or for the 
composite 3Y-TZP/5Al2O3 (13.8 GPa) [41]. It is also lower than in 
10Ce-1CaO (11.9 GPa) [32], as well as in 10Ce-1CaO-15Al2O3 (13.44 
GPa) [42]. 

Around the Vickers imprints of 10Ce-TZP and 10Ce-2.5Al2O3 
(Fig.10) a high transformation zone can be observed [43], while for the 
higher α-Al2O3 compositions it is smaller. The effect of α-Al2O3 is then to 
reduce the autocatalytic t-m phase transformation. 

Table 4 
Sintering study in sample 10Ce-15Al2O3 with 20 vol% solid content.  

Sample Sintering  
Temperature 
(ºC) 

Dwell  
Time (h) 

Heating/Cooling  
Rate (ºC/min) 

Relative  
Density (%) 

10Ce-15Al2O3 

1450 2 3 94.5 ± 0.1 
1450 2 10 96.7 ± 0.1 
1500 1 3 96.5 ± 0.1 
1500 1 10 96.8 ± 0.1 

*Theoretical density value 5.95 g/cm3 

Table 5 
Relative density and grain size of 10Ce- α-Al2O3 samples from 41 vol% solid 
content suspensions. Sintering at 1500 ◦C for 1 h at 10 ◦C/min in air atmosphere.  

Sample Composition Relative Density (%) Average Grain  
Size (μm)  

CeO2  

(wt%) 
α-Al2O3  

(wt%) 
Green Sintered  

10Ce-2.5Al2O3 10 2.5 47.5 ± 0.1 99.2 ± 0.2 0.74 ± 0.02 
10Ce-5Al2O3 10 5 46.0 ± 0.2 98.6 ± 0.1 0.56 ± 0.03 
10Ce-10Al2O3 10 10 48.8 ± 0.1 98.9 ± 0.1 0.63 ± 0.05 
10Ce-15Al2O3 10 15 51.1 ± 0.2 99.6 ± 0.1 0.54 ± 0.06  

Fig. 6. SEM micrographs of a) 10Ce-2.5Al2O3, b) 10Ce-5Al2O3, c) 10Ce-10Al2O3 and d) 10Ce-15Al2O3.
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In all compositions, indentations cracks at the corners of the in-
dentations imprints were not observed, so that indentation fracture 
toughness could not be measured by any of the existing equations, even 

with those for small Palmqvist cracks, as, for example, Niihara equation 
[44]. Accurate values of fracture toughness in very tough Ce-TZP/Al2O3 
composites have to be taken with caution since they depend on the 
method for measuring fracture toughness [45]. Thus, initially Tanaka 
et al. [46] reported fracture toughness of 20 MPa m1/2 for 
10Ce-30Al2O3. The method used was indentation fracture with high 
indentation loads, therefore the small cracks formed were surely 
affected by the high compressive transformation zone created around 
the imprint. In a later work, Ban et al. [47] determined fracture 
toughness of the same composite by the single edge V-notch beam 
method and the value reported was much lower, around 11 MPa m1/2. 
However, the V-notch tip radius of 10 μm was too big as compared to the 
fine microstructure of the composite, so that the toughness was probably 
over-estimated. This was confirmed by Benazir et al. [48] who deter-
mined the fracture toughness in sharp, long double torsion cracks 
finding values of about 8.8 MPa m1/2. Based on this, it can conclude that 
the present composites present a relatively high fracture toughness, 
although further research should be done to correctly determine the 
value of KIc. 

3.5. Mechanical Strength 

The strength of the samples was determined by the ball on three balls 
(B3B) test (see Table 6). The maximum strength value was relatively 
high ~1400 MPa for 10Ce-15Al2O3. The 10Ce-5Al2O3 and 10Ce- 
10Al2O3 composites have lower strength but still much higher as 
compared to the base material (~ 400 MPa). It should be noted that 
despite the grain size being bigger than 3Y-TZP (0.3 μm), the strength 
values are higher. The increase in the strength could also be understood 
by considering that fracture in the high transformable base material is 
triggered by t-m transformation, while as far as the α-Al2O3 concentra-
tion increases the critical transformation stress raises and the extension 
of transformation reduces until the strength is controlled by natural 
defects. The strength-toughness curves for zirconia ceramics have been 
discussed in [15]. 

Fig. 7. EDS elemental mapping of the 10Ce-15Al2O3 sample.  

Fig. 8. a) XRD patterns and b) μ-Raman microscopy bands for all the compositions in the initial state before degradation. In XRD diffraction, the 10Ce-TZP sample 
presents several small peaks that belong to the impurities of the starting powder. 

Fig. 9. Monoclinic volume phase fraction versus hydrothermal degradation 
time. For all the samples, the monoclinic fraction was obtained by means of 
XRD. Similar results obtained for other materials (Palmero et al. [14] and 
Roitero et al. [40]) are also presented for comparison purposes. 

Table 6 
Vickers Hardness and Strength results.  

Sample Hardness (GPa) Strength (MPa) 

10Ce-TZP 7.5 ± 0.1 400 [32] 
10Ce-2.5Al2O3 8.5 ± 0.1 —— 
10Ce-5Al2O3 10.0 ± 0.1 761 ± 10 
10Ce-10Al2O3 10.2 ± 0.1 992 ± 10 
10Ce-15Al2O3 10.1 ± 0.1 1410 ± 10  
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3.6. Nanoindentation 

Nanohardness shows the same trend as in Vickers’s hardness. The 
maximum nanohardness is achieved in 10Ce-15Al2O3 composite with 13 
GPa and the minimum value was 7 GPa for the 10Ce-2.5Al2O3 composite 
as it can be appreciated in Fig. 11. The same trend was observed in the 
elastic modulus with 265 GPa as the highest value for 10Ce-15Al2O3 and 
165 GPa as the lowest value for 10Ce-2.5Al2O3 which means that the 
higher the α-Al2O3 content, the higher the hardness and elastic modulus 
values. 

3.7. Spherical Indentation 

The spherical imprints performed in the different compositions are 
presented in Fig. 12. Under loads of 2000 and 3000 N transformation 
lines emanating from the imprints are only observed for 10Ce-TZP and 
10Ce-2.5Al2O3, being absent in the higher α-Al2O3 compositions. At a 
higher load of 4000 N, short cracks and transformation lines appear in 
10Ce-TZP, in contrast to 10Ce-5Al2O3 and 10Ce-10Al2O3 where neither 
cracks nor transformation lines are observed; nevertheless, in 10Ce- 

15Al2O3 small transformation lines begin to appear. At the maximum 
load (5000 N), long cracks and chipping appear in the 10Ce-TZP, while 
only many transformation lines are present in 10Ce-2.5Al2O3. However, 
in higher α-Al2O3 composition only few transformation bands can be 
detected [49]. Therefore, addition of α-Al2O3 produces higher contain-
ment of the t-m transformation, but, as seen with the absence of 
indentation cracks in the Vickers imprints, the composites have still a 
high cracking resistance. This implies that although the high α-Al2O3 
composites possibly might have a lower indentation fracture toughness, 
it is still high. 

The 3D reconstruction of the spherical imprint for loads of 2750 and 
3000 N are depicted in Fig. 13 for 10Ce-15Al2O3, where height of the 
pile up reaches up to 5 μm. Their maximum depth is similar and close to 
9 μm. 

4. Conclusions 

10Ce-TZP base composites with 2.5, 5, 10 and 15 wt% α-Al2O3 were 
fabricated by colloidal processing from slurries with 41 vol% solid load, 
stabilizing the α-Al2O3 with 3 wt% of PAA. The resulting composites 
have high relative densities (~ 99%) and homogeneous α-Al2O3 distri-
bution. The microstructure is refined by the α-Al2O3 addition with the 
grain size decreasing from ~ 2 μm to ~ 0.5 μm. Tetragonal and mono-
clinic zirconia are present in the microstructure with the later decreasing 
with the α-Al2O3 concentration down to about 16 vol% for 10Ce- 
15Al2O3 composite. The processing methodology of this work is a robust 
route to the obtention of Ce-TZP- alumina reinforced ceramics. 

From the study of hydrothermal aging, it is concluded that these 
composites present very high low temperature degradation resistance, 
much higher than 3Y-TZP. In 10Ce-10Al2O3 and 10Ce-15Al2O3 com-
posites, there is no increase in monoclinic phase during 60 hours of 
aging under autoclaved under standard conditions of 134 ◦C and 2 bar 
pressure. 

From the study of mechanical properties, it is concluded that addi-
tions of α-Al2O3 increases hardness, elastic modulus and strength, and 
diminished t-m transformation extension around imprints. Hardness in 
the 10Ce-15Al2O3 composite (~10.1 GPa) is substantially higher than in 
the base material (~ 7.5 GPa), the elastic modulus reaches values of 
about 260 GPa and the strength about 1400 GPa. Although t-m trans-
formation induced around Vickers and spherical indentations imprints is 
reduced by the increase in α-Al2O3, all the composites are damage 

Fig. 10. Vickers imprints and transformation zones in a) 10Ce-TZP, b) 10Ce-2.5Al2O3, c) 10Ce-5Al2O3, d) 10Ce-10Al2O3 and e) 10Ce-15Al2O3.  

Fig. 11. Hardness and elastic modulus obtained by means of nanoindentation. 
Error bars were calculated by standard deviation of 25 indentations (square 5 ×
5). A typical nanoindentation imprint is presented as an inset to show the 
absence of porosity around the imprint. 
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tolerant since no cracks are observed around Vickers imprints with loads 
of 294 N or around spherical indentations with loads up to 5000 N. This 
means that fracture toughness remains high despite the presence of up to 
15 wt% α-Al2O3. The main toughening mechanism in the nano-
composites is the tetragonal to monoclinic phase transformation of the 
ceria-stabilized zirconia (Ce-TZP) phase. There is an overall 

improvement of mechanical properties with α-Al2O3 additions. 
In conclusion, ceria-doped zirconia materials reinforced by small 

amounts of α-Al2O3 present comparable mechanical performance to 3Y- 
TZP without exhibiting LTD at moderate degradation times and hence 
can be an alternative in applications where long-term reliability in 
humid environments is required, such as dental prosthesis. 
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Fig. 12. Spherical indentations using Nomarski filter in 10Ce-TZP and 10Ce-TZP composites reinforced with α-Al2O3. The figure shows the t-m transformation as the 
load and the For the maximum load applied in this test (5000 N load) in 10Ce-TZP composite, a long crack it can be observed as well as the chipped out around the 
ring α-Al2O3 content increases. 

Fig. 13. 3D reconstruction of spherical indentation with a load of 1) 2750 and 
2) 3000 N in sample 10Ce-15Al2O3 showing transformation pile up around the 
imprint and its depth. 
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Appendix A. Supplementary data 

Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.jeurceramsoc.2020.09.0 
31. 
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A B S T R A C T

Zirconia ceramics stabilized using 10 mol% CeO2 and 1 mol% CaO were studied with the addition of small amounts
of α-alumina. The elaboration process of five different compositions was done by wet mixing of powders using 0,
2.5, 5, 10, and 15 wt% alumina, followed by pressing and sintering. The 2.5 wt% alumina addition reduced the
grain size, which led to an increase in hardness and the 10 wt% alumina samples showed the maximum mechanical
strength (around 1000 GPa), measured by the ball on three balls bending test. The fraction of monoclinic phase
around Vickers indentations is reduced by the presence of alumina, but the transformability and resistance to
cracking by Vickers indentations are still much higher than for 3Y-TZP. The hydrothermal degradation resistance
was also improved by the addition of alumina, with only a very small increase of monoclinic phase of about 1 % in
volume after aging for 30 h in standard autoclaved conditions. The enhancement in mechanical properties and LTD
resistance leads the path to explore the use of these materials in biomedical applications.

1. Introduction

Zirconia ceramics find many applications where high toughness and
mechanical reliability are required. Among the different types of zir-
conia, 3Y-TZP (3 mol% yttria doped tetragonal zirconia polycrystal) has
an excellent combination of high fracture toughness and strength
(6−10 MPa m1/2 and 1 GPa respectively [1]) due to a martensitic phase
transformation from tetragonal to monoclinic phase and a small grain
size [2]. This material also shows good biocompatibility and aesthetic
appearance [3] and it is nowadays broadly used in dentistry for pro-
ducing artificial teeth and dental implants.

Martensitic phase transformation from tetragonal to monoclinic
phase ( m) occurs around the tip of a propagating crack, resulting in a
volume expansion as the tetragonal phase transforms to monoclinic
phase. As a result, crack closure stresses are produced (compressive
stresses), which increases crack propagation resistance [4,5]. There is,
however, one drawback for 3Y-TZP: its low temperature degradation
(LTD) behavior, also known as hydrothermal degradation or aging [6].
During LTD, spontaneous t m phase transformation can occur at the
surface of the material in humid environments. In this case, water
species diffuse through the surface and produce vacancy annihilations,
destabilizing the tetragonal to the monoclinic phase. The resulting

volume expansion induces microcracking and loss of structural integrity
[7]. Since premature failure of hip prosthesis made of 3Y-TZP was as-
sociated with LTD, it is no longer used in the production of hip implants
despite its many advantages compared to other materials [1].

One successful approach to prevent LTD in zirconia ceramics is using
other dopants instead of yttria. One of the most used is ceria (CeO2) since
doping occurs by substitution of Ce4+ by Zr4+ in the network [8,9].
Zirconia ceramics doped with ceria may have higher fracture toughness
and LTD resistance than 3Y-TZP. However, ceria doped zirconia typically
presents larger grain sizes than yttria doped zirconia, which results in a
lower strength [10–13]. It is then necessary to enhance the mechanical
properties of ceria-doped zirconia, especially in terms of strength,
without compromising their high LTD resistance.

It is well known that small amounts of alumina can reinforce Y-TZP
ceramics regarding LTD by increasing the cohesion of zirconia grain
boundaries without a significant reduction in grain size [14,15]. In
ceria-doped zirconia, alumina has been used as a grain growth inhibitor
to reduce t m transformability as well as for increasing hardness. For
example, Fornabaio et al. [16] obtained homogeneous microstructure
and lower transformability in 10Ce-TZP or Huang et al. [17] obtained a
reduction in the grain size and an improvement in hardness and frac-
ture toughness with 5 wt% alumina content in 12Ce-TZP. Zhang et al.
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[18] included small amounts of alumina in 2 and 3 mol% Y-TZP re-
tarding LTD without compromising mechanical properties. In the case
of Ce-TZP, Tanaka et al. [19] compared a composite of 10Ce-TZP/Al2O3
to 3Y-TZP using in-vivo implants and observed a higher LTD resistance
for the former. Also, Ban et al. [20] used 10Ce-TZP/Al2O3 and 3Y-TZP
to study the mechanical durability of dental restorations. They found
that 10Ce-TZP/Al2O3 showed minimal changes in the biaxial flexure
strength and LTD degradation after storage in different conditions.

In a previous work, it was shown that the addition of 1 mol% of CaO
to 10Ce-TZP resulted in an increase of hardness and fracture strength
[10]. This behavior was related to a large reduction in grain size and a
still high transformability of the resulting doped zirconia. The objective
of the present paper is then to further reduce the grain size 10Ce-1CaO
by adding fine alumina particles in an attempt to further enhance the
mechanical properties as well as to use alumina as a reinforcement
phase, as it is well known in the literature [21,22].

2. Methods and materials

The starting powders were 10Ce-TZP (ZrO2 10 mol% CeO2 Daiichi
CEZ-10), 1 mol% CaO powder (Calcium Oxide Sigma-Aldrich), and
different content of α-alumina powder (0–15 wt % Al2O3) (Taimicron
TM-DAR, Taimei Chemicals Co.). Fig. 1 shows the as-received powders.
Each one of the powders was then calcined at 700 °C for 1 h. To break
agglomerates in the alumina powder, it was stirred in water for five
days [23]. After doing the powder pretreatment, particle size and zeta
potential were measured. Table 1 shows the obtained results.

All powders were milled in a rotary planetary mill in wet conditions
using ethanol and adding 10 mm diameter Y-TZP milling balls (Tosoh
grade TZ-3Y). Polyethylene glycol (PEG Sigma-Aldrich) was added as a
binder. After 24 h, the ethanol was removed from the suspension using a
rotating evaporator (Rotavapor R-100 BUCHI) [24] and the powders were
dried in an oven (Digitheat-TFT SELECTA) for 24 h at 90 °C. Dried pow-
ders were sieved (AS 200 RESTCH) with a 250 μm mesh size. Disk shape
samples were uniaxially pressed at 50 MPa and subsequently isostatically
pressed (CIP-30MA, MTI Corporation) at 288 MPa as maximum machine
capacity. The disks were sintered in a furnace (P310 Nabertherm) at 1450
°C for 2 h with a heating rate of 3 °C/ min and a cooling rate of 10 °C/min.
The dimensions of the obtained samples were 15 mm in diameter and 1.5
mm thickness. Density was measured using the Archimedes method in
distilled water. Relative density was calculated using the quotient between
experimental and theoretical density (by mean of the rule of mixtures),
and porosity was determined using the dry and wet material densities. All
the samples were ground and polished with diamond paste suspension
following the standard procedures until 3 μm.

To measure grain size, thermal etching was done at 1200 °C for 30
min with a heating rate of 3 °C/min and a cooling rate of 10 °C/min.
The micrographs were taken with a field emission scanning electron
microscope (FESEM, Neon 40 Gemini, ZEISS) equipped with energy-
dispersive X-ray spectroscopy (EDS). The linear intercept method was
used to determine the grain size number distribution. No correction
factor was used. LTD tests were performed in an autoclave (Micro 8,
SELECTA) at 134 °C and 2 bar pressure up to a maximum of 60 h. The

crystallographic phases were studied using X-ray diffraction (XRD, D8
Advance, BRUKER) with Cu Kα1 (40 kV and 40 mA) radiation, 10 s.
step−1 and 0.01° scan size from 20° and 90° - 2θ range as well as μ-
Raman microscopy (inVia Raman microscope RE 04, RENISHAW).

To quantify the monoclinic surface content (Vm), Eq. (1) proposed
by Garvie et al. [25] and modified by Toraya et al. [26] was used:

= +
+ +

V I I
I I I

1.311[ (1_11) (111)]
1.311[ (1_11) (111)] (101)m

m m

m m t (1)

where Im and It are the intensity of the monoclinic and tetragonal peaks,
respectively.

To simulate the low-temperature degradation behavior at 37 °C, one
sample of each composition were subjected to accelerated aging in an
autoclave at 134 °C and 2 bars pressure for 30 and 60 h in order to
estimate, by mean of XRD, a fraction of zirconia monoclinic phase.

Vickers indentation were used to measure hardness and determine
indentation fracture toughness [27] using 294 N of load in a durometer
(DuraScan, Emco-test). Five indentations in a single sample for each
composition were performed. Furthermore, to observe the t m phase
transformation around the imprints, a mapping was made using μ-
Raman microscopy. Ball on three-ball test (B3B) was done in an Instron
8511 universal testing machine to measure biaxial flexure strength
[26–31] following Eq. (2) proposed by Fett et al. [32].

+ +
+

F v
t

ln R
t

v
v

R
R

3 (1 )
4

2 1
1max

D
2

2

(2)

where F is the applied load, t is the thickness of the disk, v is the
Poisson ratio (taken as 0.28 [10]), RD is the disk radius, R is the flexure
radius and α is a fitting parameter equal to 0.2. Six disks per compo-
sition were tested.

After strength testing, micro Raman mapping was performed on the
tensile surface at the edge of the fracture surface in order to visualize
the amount of t m phase transformation induced by fracture. The
maximum transformation zone length for the highest transformable
composition was used as a fixed-length to determine the average
monoclinic fraction in the same area for the rest of the
specimens.Scratch tests were done in a CSM-REVETEST using a
Rockwell indenter with 10 μm of radius [33]. The length of the scratch
was 2 mm, following a linearly increasing load with a rate of 2 N/mm
with a maximum load of 100 N. In order to compare the scratch be-
havior, 3Y-TZP and 10Ce-TZP were tested as reference ceramic mate-
rials. Micromechanical properties were determined by nanoindentation
(Nanoindenter XP, MTS) with a Berkovich diamond tip, using a

Fig. 1. SEM images of starting powder as received: a) 10Ce-TZP, b) CaO, c) α-Al2O3.

Table 1
Particle Size and Zeta Potential in powders used in the mixture.

Powder Particle Size (μm) Zeta Potential (mV)*

10Ce-TZP 0.25± 0.01 −18.14
α-alumina (Al2O3) 0.27± 0.01 −1.27
Calcium Oxide (CaO) 0.90± 0.02 44.8

* Measured at pH 7.
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maximum penetration depth of 200 nm for 16 indentations (4 × 4), to
obtain values of intrinsic hardness and elastic modulus in the material
[32–36] The shape of the tip was calibrated with a fused silica standard.
Results were analyzed with the Oliver and Pharr method [37].

3. Results and discussion

3.1. Microstructural characterization

Table 2 shows the compositions employed, the densities obtained by
Archimedes method as well as the grain size measured by image analysis.

Fig. 2 shows that the higher the alumina content in the sample, the
lower the relative density. This is due to the higher amount of porosity

that appears in the highest alumina composition, as revealed by the
images of the microstructure in Fig. 3. Table 2 shows that 2.5 wt%
alumina addition helps to inhibit grain growth. Other compositions
maintained a relatively constant grain size value similar to 10Ce-1CaO.
The grain size number distribution and the average number grain size
of each material with different alumina content are plotted in Fig. 4.

It is necessary to recall that the used 10Ce-TZP powders already
contain 0.26 wt% alumina; however, the average grain size is large as
shown by Fig. 4b. The addition of calcia reduces this value by a factor of
4, and the addition of 2.5 wt% Al2O3 reduced the average grain size by
an extra factor of 1.6. However, higher compositions of alumina pro-
duce a grain size increase within the range of the base 10Ce-1CaO
material (0.67-0.79 μm). Therefore, a small (2.5 wt%) addition of
alumina helps to reduce the grain size, but higher additions of alumina
have almost no effect on it.

Fig. 5 shows tetragonal, monoclinic, and α-alumina peaks detected
by XRD and μ-Raman microscopy before and after 60 h of degradation
in autoclave at 134 °C. For yttria-stabilized zirconia, it is accepted that 1
h in these conditions corresponds to 3 or 4 years at 37 °C [38]. The same
assumption is made for the materials studied here. The presence of the
tetragonal phase is shown in XRD (patterns (101) main peak at 30.2°
2θ), the monoclinic phase ((-111) and (111) main peaks at 28.15° and
31.3° 2θ respectively) and α-alumina phase ((113) main peak located at
43.36° 2θ). Peaks location are also displayed.

Fig. 6 shows the monoclinic content on the surface of the disks as
measured by XRD and calculated using Eq. (1). A minimal amount of
monoclinic phase (roughly less than 3 vol%) was detected on the sur-
face of all the samples after sintering and polishing. After aging for 30
h, the increase in the monoclinic phase was practically insignificant in
the high alumina compositions (10 and 15 Al2O3) and roughly less than
2 vol% in the low alumina compositions (2.5 and 5 Al2O3). The highest
increase in the monoclinic content after aging for 60 h was detected in
the base material and in 10Ce-1CaO-2.5Al2O3, but it was less than 3 vol

Table 2
Composition, density and average grain size of different samples.

Sample CeO2 (mol %) CaO (mol %) α-Al2O3 (wt %) Density (g/cm3) Rel. density (%) Avg.grain size (μm)

10Ce-TZP 10 0 0 6.02± 0.03 ——— 1.99±0.75 [10]
10Ce-1CaO 10 1 0 6.14± 0.04 98.54± 0.03 0.63± 0.07
10Ce-1CaO- 2.5Al2O3 10 1 2.5 6.08± 0.03 98.43± 0.03 0.39± 0.04
10Ce-1CaO-5Al2O3 10 1 5 6.02± 0.04 98.28± 0.04 0.67± 0.07
10Ce-1CaO-10Al2O3 10 1 10 5.87± 0.01 97.70± 0.01 0.65± 0.08
10Ce-1CaO-15Al2O3 10 1 15 5.70± 0.01 96.67± 0.01 0.79± 0.06

Fig. 2. Relative density (left y-axis) and porosity (right y-axis) as a function of
the alumina content. Open porosity was calculated by the difference between
dry and wet material densities.

Fig. 3. SEM image different alumina content reinforced ceria-calcia stabilized zirconia ceramics.
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% in both cases, close to the detection limit of the technique. As this
aging time corresponds to approximately 180 years in the human body
[38], all compositions are then in principle suitable for biomedical
applications and dental implants. The difference in the monoclinic
content after LTD compared with a pure 3Y-TZP ceramic (without
alumina content) is enormous (71 vol% monoclinic phase after about

10 h in the same autoclaved conditions) [6] and it is also lower com-
pared to developed 3Y-TZP with 0.25 wt% alumina content materials
which showed monoclinic phase volume up to 40 vol% after 40 h [39].

It is well known that ceria-doped zirconia is more resistant to LTD
than yttria-doped zirconia. The effect of additions of alumina to calcia-
ceria-doped zirconia is a further increase in the resistance to LTD as also

Fig. 4. a) Zirconia grain size number distribution of each material with different alumina content. b) Average number grain size versus alumina content. Error bars
show the standard deviation as computed from the intercept linear method.

Fig. 5. X-ray diffraction pattern (left) and μ-Raman spectra (right) obtained from samples with 10Ce-1CaO and different alumina content (0–15 wt%) a) before
degradation b) after degradation to 60 h (134 °C and 2 bars). The location of the monoclinic peaks in μ-Raman spectra is highlighted in red (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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occurs in 3Y-TZP. In the present case, the monoclinic volume fraction
by the addition of alumina is reduced to less than 3 vol%.

3.2. Mechanical characterization

Vickers hardness values are shown in Fig. 7. The hardness increased
with the amount of alumina in the investigated range (0–15 wt%) from
∼ 10 GPa, reaching a plateau around 13 GPa at 10 wt% within the
statistical uncertainty. The rise in hardness was more significant for 2.5
wt% alumina. These values are higher than the hardness of pure 10Ce-
TZP and 10Ce-1CaO (6.2 and 11.9 GPa respectively [10]) and in the
range of the hardness of 3Y-TZP with small alumina contents (5 wt%),
as reported by Zhang et al. [18] and Ghaemi et al. [40] who obtained
values around 13.76 GPa and 13.43 GPa, respectively. Samples with
higher alumina content also have more porosity, which results in lower
than expected hardness values in fully-dense materials.

Fig. 8 shows hardness and elastic modulus obtained by the na-
noindentation technique. The maximum nano hardness value was ob-
tained for the 10Ce-1CaO-10Al2O3 sample with 19 GPa, and the

minimum value for the sample without alumina, with 15 GPa. The
general trend observed is that the higher the alumina amount, the
greater the hardness, except for the sample with 15 wt % alumina,
where both hardness and elastic modulus decreased. This can be ex-
plained because of the increase in porosity, which results in a higher
scattering of values.

The same holds for the elastic modulus, reaching values of up to 275
GPa with 10 wt% alumina compared to 220 GPa without alumina. The
difference between Vickers and nanoindentation hardness values is due
to the different hardness definition and measuring methodologies of
both techniques [41], but the trends remain unaffected.

Fracture toughness in ceramics is usually estimated by measuring
the length of the crack generated at the edges of a Vickers imprint [42].
However, in order to apply this method, the criterion of 0.25< (c-a)/
a<2.5 (where c is the distance between the center of the indentation
and the crack tip and a is half of the diagonal of the indentation im-
print) must be fulfilled. The values obtained for (c-a)/a in the samples
were between 0.06 and 0.18, implying that crack lengths were too small
under the applied 294 N load to accurately estimate fracture toughness
by indentation [43]. This is often an indication of a high transformable
high toughness material.

The level of phase transformation in the samples around the Vickers
imprints has been determined using μ-Raman microscopy, similarly to
studies in nanostructured ceria-calcia stabilized zirconia ceramics with
different alumina contents [10][41]. Results are shown in Fig. 9, where
it can be seen that the alumina addition sharply decreases the mono-
clinic volume fraction around the imprints, being sufficient 2.5 wt%
alumina to show this effect noticeably. The extension of monoclinic
phase around imprints is slightly increasing for 5 and 10 wt% alumina
and starts slightly decreasing for 15 wt% alumina. For all these higher
compositions (5 and 10 wt% alumina), however, there is no evidence of
the strong and very localized intensity peaks, which are present very
close to some vertices of the imprints in 2.5 wt% alumina. The average
monoclinic volume fraction measured in the scanned squares (all with
the same area) also is plotted in Fig. 9 for all compositions.

There are different effects that should be considered to explain the
influence of alumina in t-m transformation. One is the difference in
thermal expansion coefficients of alumina and zirconia (11.1 × 10−6 K-
1 and 8.29 × 10−6 K-1 respectively to 295−1473 K [46])that induces
tensile residual stress in zirconia, favoring in this way t-m transforma-
tion in the higher alumina composition [44,45,47]. A second effect is a
constraint to t-m transformation because of the higher elastic modulus
of alumina which tends to oppose t-m transformation. A third effect,

Fig. 6. Monoclinic volume phase content against accelerated degradation time.
All compositions present an excellent LTD resistance, which increases with
alumina reinforcement.

Fig. 7. Hardness measured by Vickers Indentation (294 N load) for samples
with different amounts of alumina for ceria-calcia materials. Other points re-
present hardness values of reference ceramic materials. Standard deviation was
calculated from five indentations performed in a single sample for each com-
position.

Fig. 8. Nanoindentation hardness and elastic modulus for the different samples
in terms of alumina content. Error bars corresponds to standard deviation of 16
nanoindentations (square 4 × 4) performed in a single sample for each com-
position.
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and probably the most important, is the grain size: it was only clearly
reduced for 2.5 wt% alumina, so that transformation becomes more
difficult [48]. For higher alumina contents, the grain size is similar to
the base material, and this together with a higher residual tensile stress,
can explain the increase in the area of transformation around indents
with respect to 2.5 wt% alumina. The fact that for 15 wt% alumina the
average monoclinic fraction around indentations is slightly lower may
be associated with the porosity of this composition, which can con-
tribute to accommodate the deformation induced by the indenter.

On the other hand, it is well known that the residual tensile stress
from the thermal coefficient mismatch can be reduced by the com-
pressive stress associated with the transformation of some zirconia
tetragonal grains [49]. However, this effect is not likely to be important
because the presence of monoclinic zirconia in the polished surfaces is
very small.

The biaxial tensile strength measured in the samples using Eq. (2) is
shown in Fig. 10, with a maximum strength (> 1000 MPa) in compo-
sitions with 5–10 wt% alumina, despite their larger grain size. One
possible explanation for these results is that the base material is highly
transformable so that strength is likely to be controlled by t-m nuclea-
tion. With 2.5 wt% alumina the grain size decreases, inducing lower t-m
transformability as well as lower fracture toughness. Both effects
somehow compensate each other so that the strength does not change
significantly. With further increases in alumina, the grain size becomes
similar to the base material, and the transformability becomes higher
than for 2.5 wt% alumina although lower than the base material. Then,
for 5 and 10 wt% alumina compositions, the strength is determined by
fracture toughness, which increases concerning to 2.5 wt% alumina.
Finally, the decrease of strength with 15 wt% alumina could be asso-
ciated with the observed increase of porosity and a slight increase in

Fig. 9. Monoclinic phase mapping around the Vickers indentation in samples 10Ce-1CaO with alumina content. Each map has been obtained for all the compositions:
a) 0, b) 2.5, c) 5, d) 10, and e) 15 wt%. Each map depicted the multiple local measurements by μ-Raman microscopy. The graph f) corresponds to the average
monoclinic volume fraction.

D. Tovar-Vargas, et al. Journal of the European Ceramic Society 40 (2020) 3714–3722

3719

PROCESSING, MICROSTRUCTURE, AND MECHANICAL PROPERTIES OF CERIA-STABILIZED 
ZIRCONIA-BASED CERAMICS CO-DOPED WITH CALCIA AND ALUMINA

120



grain size (see Fig. 2).
Post mortem inspection by μ-Raman of the transformation zone on

the tensile surface just at the edge of the fracture surface of all samples
shows that the transformed zone below the fracture surface and close to

the tensile surface is different for all samples. The Raman map of
monoclinic volume fraction is shown in Fig. 11a for 2.5 wt% alumina. It
can be noticed that transformation is not homogeneous with monoclinic
volume fractions higher than 40 vol% in some locations, while in others,
less than 10 vol% is detected. This inhomogeneity is even bigger for the
higher alumina compositions. For all the compositions, the maximum
transformation zone length and the average monoclinic volume fraction
are plotted in Fig. 11b. It can be observed that compositions with 5 and
10 wt% alumina are those which are more transformable. In [10] the
measurement of the monoclinic volume fraction of the base material (not
shown in Fig. 11b) was made directly on the fracture surface in the in-
terior of the specimens far away from the surface so that the volume
fraction is not comparable with the present measurements. We can see
that the trend in transformability observed around indentations in Fig. 9
is reproduced at the edge of the fracture surfaces.

Scratch tests were done to assess the crack resistance and plastic
deformation of the samples. A maximum load of 100 N with a 50 N/min
velocity for a total 2 mm scratch length was used [33,48]. Fig. 12a
shows scratch imprints in the different compositions and also for 3Y-
TZP and 10Ce-TZP as reference materials. During the test, no macro
cracks or pile-up were observed. In 3Y-TZP, microcracking was not seen
until the last section of the scratch. In 10Ce-TZP as well as in 10Ce-
1CaO, microcracking appeared earlier during the scratch. However,
when α-alumina is added as reinforcement, microcracking is observed
again at the end of the scratch (at similar 3Y-TZP loads). This suggests
an increase in the crack resistance when alumina is added, shown in
Fig. 12b.

Fig. 10. Biaxial tensile strength versus alumina content. The maximum biaxial
strength, similar to the strength of 3Y-TZP [1], is achieved for 5−10 wt%
alumina reinforcement. For other compositions values remain higher than in
pure 10Ce-TZP pure [10].

Fig. 11. a) Raman mapping of fracture surface in the flexural strength in biaxial ball-on-three- balls test for 10Ce-1CaO-2.5 Al2O3. b) Average monoclinic volume
fraction and maximum transformation zone length in terms of composition.
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In summary, the addition of small amounts of alumina has helped to
improve the mechanical properties of 10Ce-TZP compounds with 1 mol
% CaO. In the case of the smallest addition of alumina (2.5 wt%) the
grain size was reduced to 0.3 um. In a previous work of 12Ce-TZP
containing 30 wt% alumina, they obtained a minimum grain size value
of 0.5 μm [22]. Tanaka et al. added 30 wt% alumina in 10Ce-TZP with
0.05 mol% of TiO2 obtaining a grain size of 0.59 μm [19].

When comparing the different compositions, 5 and 10 wt% pre-
sented overall higher density, smaller grain size and higher resistance to
hydrothermal degradation. Mechanical properties like Hardness, micro-
Hardness and Elastic modulus were also similar for the 5 and 10 wt%
and only marginally better for 10 wt%. However, the 10Ce-1CaO-
5Al2O3 samples had a lower phase transformation.

The presence of 1 mol% CaO in this study was inspired by the im-
provement of mechanical properties shown by Turon et al.[10]. Re-
garding the low temperature degradation, although this dopant in-
troduces oxygen vacancies Ca2+, the material is not largely affected as
shown by the results in Fig. 6. The monoclinic phase fraction remained
low for the 10Ce-1CaO composition and it was further decreased by
alumina additions. The improvement of the hydrothermal degradation
resistance is supported by a previous study where it was shown that the
doping with the undersized Al3+ cation resulted in a slowdown of the
oxygen vacancies at grain boundaries [50].

As a future work, fracture toughness will be measured by SEVNB, in
order to determine the optimized parameters (amount of alumina

added and final grain size) leading to the highest fracture toughness and
strength.

4. Conclusions

Zirconia ceramics stabilized using 10 mol% CeO2 and 1 mol% CaO
were modified with the addition of 0, 2.5, 5, 10, and 15 wt% of alu-
mina. It is shown that additions of 2.5 wt% to 10 wt% alumina increase
hardness, scratch resistance, strength, and LTD resistance. The amount
of phase transformation around Vickers indentations is reduced by the
presence of alumina, but the crack propagation resistance is still rela-
tively high as shown by the very short cracks induced at the Vickers
imprint corners, which are always too small to use the indentation
technique to estimate the indentation fracture toughness. The excellent
combination of mechanical properties and LTD resistance of these
materials can be an alternative to 3Y-TZP in dental restoration.
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A B S T R A C T

Ceria-stabilized zirconia-based composites have been developed aiming to obtain ceramic materials with 
enhanced hardness, strength, fracture toughness, and resistance to low temperature degradation. These com-
posites are based on ceria-calcia stabilized zirconia (10 mol% CeO2-1 mol% CaO TZP) and α-alumina (0− 15 wt 
%) as a second phase. Raw materials in the form of powders were dispersed through ball milling, dried by slip 
casting, and subsequently grounded before being pressed and conventionally sintered at 1450 ◦C. Compared to 
the strength and hardness of 10Ce-TZP ceramics (typically 500 MPa and 6 GPa), an increase was observed for all 
compositions, especially for 10Ce-1CaO-5Al2O3 (739 MPa and 10.2 GPa). Single Edge V-Notched Beam fracture 
toughness values ranged from 5.1 to 6.6 MPa∙√m, indicating a loss of transformability for all compositions. As 
in 10Ce-1CaO-TZP co-doped ceramics, the aging resistance of all alumina-containing composites was also 
excellent.   

1. Introduction 

Zirconia is one of the most used advanced ceramic materials due to 
its high strength and fracture toughness (KIc), resulting from the 
tetragonal (t) to monoclinic (m) martensitic phase transformation that 
can be triggered under stresses [1]. Oxides stabilizers are employed to 
retain the tetragonal phase in a metastable state at ambient temperature 
because it is not stable at room temperature. Currently, yttria (Y2O3) is 
the most common stabilizer used in zirconia, and normally, 3 mol% 
additions are sufficient to stabilize it. This ceramic is known as 3Y-TZP 
for 3 mol% Yttria Tetragonal Zirconia Polycrystals, and it has been used 
in the development of hip femoral heads in the past. Unfortunately, 
under humid conditions, 3Y-TZP ceramics may be prone to low tem-
perature degradation (LTD, also known as aging). LTD occurs at rela-
tively low temperatures and in humid environments by the action of 
water species that can penetrate the bulk material. The water species can 
reduce the oxygen vacancies present in Y-TZP, destabilizing the meta-
stable tetragonal zirconia grains, and the volume increment associated 
to phase change creates local stresses and micro-cracks close to the 
surface [2–5], which finally may cause the material to fracture prema-
turely [6]. This phenomenon was responsible for a significant number of 

femoral head failures in recently implanted patients and, consequently, 
for the suspension of its use in orthopedics from 2001 [7,8]. Neverthe-
less, zirconia is considered a good candidate for the development of 
dental implants due to its excellent biocompatibility and aesthetic 
appearance and has since been used in the dental field [7,9]. 

In the last years, the use of ceria stabilized zirconia (Ce-TZP) has 
been proposed as an alternative material to the Y-TZP and its aging 
drawback. Due to the tetravalent character of cerium, zirconia can be 
stabilized without generating oxygen vacancies, leading to an increase 
in LTD resistance. Moreover, the tetragonal phase of Ce-TZP with less 
than 12 mol% ceria is more easily transformable so that high KIc values 
can be reached. Nevertheless, compared to 3Y-TZP ceramics, it has 
lower strength (around 500 MPa, compared to 1000 MPa for Y-TZP), 
which is partly related to its larger grain size (~2 μm compared to ~0.3 
μm for Y-TZP) [7]. Unfortunately, grain boundaries mobility is much 
higher in Ce-TZP, and fine-grained and fully dense materials are not 
easily obtained by sintering [10]. In order to reduce the grain size of 
Ce-TZP ceramics, several studies have shown the positive effect of 
adding a second phase, commonly α-alumina, which acts as reinforce-
ment by inhibiting the grain growth, hence, improving the mechanical 
properties like strength and hardness. Depending on the processing 
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characteristics, different types of composites can be obtained at the nano 
or micro-nano scale [11,12]. 

Another approach for enhancing the mechanical properties of Ce- 
TZP ceramics is suppressing the grain growth by co-doping with rela-
tively small concentrations of divalent cations. Divalent cations of large 
ionic radius like Ca2+ in small concentrations have a strong effect on 
grain growth kinetics and grain boundary segregation of 12Ce-TZP [13]. 
Thus, the mobility of grain boundaries is strongly reduced by the addi-
tion of divalent cations, with Ca2+ having a stronger effect among the 
divalent ions studied because of its larger ionic radius. In our study, CaO 
is added to ceria-stabilized zirconia-based composites in order to further 
refine the microstructure since other authors have found that small 
amounts of divalent cations have suppressed the grain growth of 
12Ce-TZP based materials within the solubility limits [14]. 

Table 1 summarizes the strength and KIc of Ce-TZP/based composites 
reported in the literature. The strength values depend on the composi-
tion. Generally, the reported values of KIc are higher when measured by 
the VIF method. Although this method is the easiest and faster to be 
implemented, allowing also the estimation of KIc in small volumes [15, 
16], it has raised some concerns, as deformation, transformation, or 
crack patterns produced by indentation may deviate from the assump-
tions of the model [17,18]. In the literature, several methods have been 
proposed for determining the KIc of ceramics: Vickers Indentation 
Fracture Toughness (VIF), Single Edge V-Notched Beam (SEVNB), Sur-
face Crack in Flexure (SCF), Single Edge Precracked Beam (SEPB), 
Chevron Notch Beam (CNB) [19], Shot-Rod [20], and Double Cantilever 
Beam (DCB) [21]. SEPB and CNB methods are not widely used due to the 
difficulty in their measuring or their high cost. On the contrary, thanks 
to the facility and/or low cost, one of the most popular methods to 
evaluate KIc is by means of Vickers indentations (VIF) [15]. It is based on 
measuring the length of cracks generated at the four corners of the 
Vickers imprint, in a well-polished surface, at a given applied load. 
There are many empirical equations to calculate KIc values by using the 
VIF method [22,23]. Among them, equations proposed by Niihara et al. 
[24] (Palmqvist type cracks) and Anstis et al. [25] (radial-median 
cracks) are widely used. In transformable ceramics, the indentation 

cracks are usually of Palmqvist type, so that Niihara equation for 
Palmqvist cracks seems more appropriate for tough ceramics. However, 
the equation can be applied only as far as the ratio between crack length 
and indentation semi-diagonal are in a specific range. The crack length 
should obey the requirement of 0.25 < (l/a) < 2.5 (where l is the average 
of the four cracks length that are generated in the four corners of the 
Vickers indentation and a is half the length of the average indentation 
diagonal), otherwise the computed KIc will be wrongly estimated [24]. 

By contrast, the SEVNB method is well established from a fracture 
mechanics point of view as far as a very sharp notch can be machined at 
the center of a prismatic bar perpendicularly to its length. High notch 
sharpness needs to be achieved for a reliable measurement of KIc in 
submicron grain size ceramics [19,26]. 

Therefore, in transformable zirconia-based materials, it is necessary 
to assess KIc by using robust techniques. In this context, the aim of the 
present work is to process, by means pressing and conventional sintering 
methods, 10Ce-TZP co-stabilized with 1 mol% of calcia (CaO)/ alumina 
composites (0− 15 wt%) in the form of bending bars to characterize the 
effect of microstructural features and composition on the mechanical 
behavior, (especially the hardness, strength, and KIc). Additionally, as 
these types of zirconia-based ceramics can be good candidates for 
structural biomedical applications, their LTD behavior is also studied by 
accelerated aging tests in an autoclave. In a recent work [27], we have 
shown that these composites can be processed by pressing and con-
ventional sintering, using commercially available powders. The 
maximum mechanical strength (around 1000 MPa, measured by the 
ball-on-three ball test) was reached in samples containing 1 mol% CaO 
and 10 wt% of alumina (98.3 % relative density and ~0.7 μm zirconia 
grain size). In this work, a different processing route was implemented 
to prepare bigger samples (bending bars) with improved relative den-
sity, and the KIc and the strength were characterized by the SEVNB and 
three-point bending tests, respectively. Dealing with highly transform-
able ceramics, able of being plastically deformed during testing, the 
influence of the testing method is significant [28]. Finally, in order to be 
able to compare with our previous results [27], the raw materials, as 
well as the compositions of composites prepared in the present study, 
have been kept identical. 

2. Materials and methods 

2.1. Processing of powders 

Commercially available 10Ce-TZP powder (ZrO2 10 mol% CeO2, 
Daiichi CEZ-10), 1 mol% CaO powder (Calcium Oxide Sigma-Aldrich) 
and α-alumina powder (Tamicron TM-DAR, Taimei Chemicals Co.) 
were used as starting powders. The physical properties of the starting 
powders for 10Ce-TZP and α-alumina have been described elsewhere 
[33]; the mean particle sizes after stirring in water for five days were 250 
and 270 nm, respectively. The mean particle size of the CaO powders 
was in the range of 10− 35 μm as observed by scanning electron mi-
croscopy (SEM) [34]. 

Five aqueous suspensions containing 20 vol% solid load were pre-
pared in which the amount of 10 mol% ceria-stabilized zirconia (10-Ce- 
TZP) and calcia (1 mol% with respect to zirconia, afterward named 1 
CaO) powders were kept constant, and the alumina content was varied 
as 0, 2.5, 5, 10 and 15 wt% Al2O3 with respect to (10 Ce + 1 CaO). The 
matrix and composite powders prepared are hereinafter referred to as 
10Ce-1CaO and 10Ce-1CaO-XAl2O3, where X represents the percentage 
(wt%) of α-alumina. Suspensions were mixed for 6 h using ball-milling 
and 3Y-TPZ grinding beads. To promote the deagglomeration between 
particles, 3 wt% of Darvan 821-A (with respect to the total powder 
weight added) was used as a dispersant. Afterward, the suspensions 
were poured into alumina porous molds and left to dry for 72 h in a 
humidity-controlled chamber at room temperature [35]. The 
as-prepared green-body parts were then subjected to grinding (agate 
mortar) and sieving (100 μm mesh size). 

Table 1 
Strength and fracture toughness of Ce-TZP/alumina composites.  

Reference Material Strength 
(MPa) 

Methoda Fracture 
Toughness 
(MPa∙√m) 

Method 

Sato et al. 
[29] 

12Ce-TZP+
(10− 20 wt% 

Al2O3) 

620− 760 3 P 14− 17 VIF 

Tsai et al. 
[20] 

12Ce-TZP+
(10− 20 wt% 
Al2O3)+MnO 

273− 648 4 P 6.5− 8.5 Short Rod 

Cutler 
et al. 
[21] 

12Ce-TZP/30 
vol%+SrO 

726 4 P 15.1 Double 
Cantilever 

Nawa 
et al. 
[30] 

10Ce-TZP/30 
vol% 

Al2O3+0.05 
mol% TiO2 

950 3 P 18.3 VIF 

Tanaka 
et al. 
[31] 

10Ce-TZP/30 
vol% 

Al2O3+0.05 
mol% TiO2 

941 3 P 20.05 VIF 

Reveron 
et al. 
[32] 

10.5Ce- 
TZP+8 vol% 
Al2O3+ 8 vol 
% SrAl12O19 

1197 P3B 10.2 SEVNB 

Touaiher 
et al. 
[28] 

11Ce-TZP+8 
vol% Al2O3+

8 vol% 
SrAl12O19 

738 4 P 10.6 SEVNB  

a 3P: three-point bending test; 4P: four-point bending test; P3B: Piston-on- 
three-balls biaxial test. 
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2.2. Processing of samples: shaping, sintering, machining, and grinding 

Plates of 50 × 50 × 4 mm3 were uniaxially pressed at 50 MPa and 
then cold isostatic pressed (CIP) at 300 MPa. As-pressed samples were 
pressureless sintered. During sintering, the thermal treatment started 
with a debinding step (1 ◦C/min until 600 ◦C for 1 h) followed by a 
heating ramp at a rate of 5 ◦C/min until the sintering temperature (1450 
◦C) holding for 1 h, and decreasing the temperature at the same rate. 
After sintering, four prismatic bars of 4 × 3 × 40 mm3 were machined 
for each composition with the aim of performing mechanical tests. In 
case of the beading test, faces to be subjected to tensile stresses were 
grounded and polished using diamond paste down to 1 μm. 

2.3. Microstructural, mechanical, and aging characterization 

Relative density was calculated by the relationship between experi-
mental and theoretical density, calculated by Archimedes’ method and 
the rule of mixtures, respectively. Microstructural features were char-
acterized by SEM (SEM-Zeiss SUPRA VP55) performed on surfaces pol-
ished down to 1 μm with diamond suspension followed by a finishing 
step with 0.03 μm silica nanoparticles. In this way, it was possible to 
reveal the grains at low voltage without applying a metallic coating. The 
average grain size of zirconia and alumina were computed from these 
micrographs using the linear intercept method [36] without any 
correction factor. 

Vickers hardness (HV30) was measured on polished surfaces (Vickers 
Testwell FV-700). The average value for each composition was obtained 
from five indentations and converted to SI units (GPa). To estimate the 
quantity of t-m stress-induced phase transformation, the size of the 
transformed area observed around each Vickers imprint was calculated 
and the average computed. 

The size of the transformed area was approximated to the circle 
traced from the center of the imprint and encompassing the uplifted area 
observed by optical microscopy (Nomarski interference contrast mode). 

Elastic modulus of samples with a rectangular cross-section (4 × 3x 
40 mm3) was evaluated by the resonance frequency method using a 
Grindo-Sonic tester. After supporting the prismatic bar at its nodes of 
resonance and generating a small impact at the center with a steel ball 
harm, the fundamental resonant frequency of vibration was recorded by 
a microphone located beneath the specimen. The elastic modulus is 
determined using Eq. (1) that relates the resonant frequency and the 
geometry of the sample [37]. 

E = 0.946424∙10− 10∙m
w
∙
(

L
b

)3

∙f 2∙fc (1)  

where E is the elastic modulus (GPa), m is the mass of the sample (g); b is 
the thickness (mm); w the bar width (mm) and L the length of the bar 
(mm), f is the frequency (Hz) and fc is the shape factor (dependent on 
Poisson’s ratio). Four bars of each composition were tested to obtain the 
average value. 

The fracture toughness (KIc) was calculated through the SEVNB 
technique. All samples were prepared according to the ISO standard 
6872 [38] (required dimensions: 4 × 3 × 40 mm3). They were notched 
in the 3 mm bar side using a diamond cutting disk of 300 μm of thick-
ness. The depth of the notch was around 0.5 mm. To sharpen the notch 
depth, a razor blade was used along with a diamond paste of 3 μm until 
reaching the depth required by the ISO standard 6872 (in the range of 
0.8–1.2 mm). An optical microscope (Zeiss, Axiophot) was employed to 
check the final notch length. Finally, to release the residual stresses 
caused by the notch preparation, the samples were annealed (1200 ◦C 
for 30 min with a heating/cooling rate of 5 ◦C/min). A four-point 
bending (4 P) fixture with outer and inner span lengths of L = 35 mm 
and l = 10 mm, was employed using a universal hydraulic testing ma-
chine (Instron 8500, USA). The load was applied until the sample failure 
using a speed load of 0.5 mm/min. Four bars 4 × 3 × 40 mm3 of each 

composition were tested, and the average SEVNB KIc calculated. 
Eq. (2) was used to measure KIc by the SENVB method in four-point 

bending: 

KIC = σ
̅̅̅
a

√
Y =

P
b

̅̅̅̅
w

√ ×
S1 − S2

w
×

3
̅̅̅
α

√

2(1 − α)1.5 Y (2)  

α =
a
w  

Y = 1.9887 − 1.326α −
(3.49 − 0.68α + 1.35α2)α(1 − α)

(1 + α)2  

where, 
σ is the fracture strength, a is the average notch depth, P is the 

fracture load, b is the bar thickness, w is the bar width, S1, S2 are the 
support spans (S1 > S2), α is the relative V-notch depth, and Y is the 
stress intensity shape factor. Four bars of each composition were broken 
to obtain the average KIc value. 

To further assess the transformability of these composites, the KIc 
was also evaluated using the VIF method [17] from the dimensions of 
cracks generated at the corners of the indents after Vickers indentations 
performed at 490 N load. The indentation cracks being very probably of 
Palmqvist type, Niihara et al. [24] Eq. (3) was employed to calculate VIF 
KIc; Anstis et al. [25] Eq. (4) was also used, although it applies to 
radial-median cracks, in order to show the difference between them 
when calculating the fracture toughness. Five indentations of each 
composite were considered to obtain the average value. 

KIC = 0.0089∙
(

E
H

)2/5

∙
F

a∙l1/2 (3)  

KIC = 0.016 ∙ F
c3/2

(
E
H

)1/2

(4)  

where F is the applied load, E is the elastic modulus, H is the Meyers 
hardness calculated as the load divided by the projected area, a is the 
half of the average diagonal indentation, l = (c - a) is the average of the 
four cracks length that are generated in the four corners of the Vickers 
indentation and c is the crack length from the center of the indentation 
to the crack tip. 

Flexural bending strength was measured by three-point bending (3 
P) with a span of 15 mm using the half bars left after the fracture 
toughness tests 4 × 3 × 20 mm3. Hence, eight bars of each composition 
were broken to obtain the average flexural strength value. Faces sub-
jected to tensile stresses were chamfered and polished again down to 1 
μm. 

To calculate the flexural strength by three-point bending, Eq. (5) was 
used: 

σ =
3PL
2wb2 (5)  

where σ is the flexural strength, P is the breaking load, L is the test span, 
w is the bar width (perpendicular to the applied load), and b is the bar 
thickness (side parallel to the applied load). The geometry of the samples 
both for the determination of KIc and flexural strength is presented in 
Fig. 1. 

The monoclinic content in the samples was estimated by X-Ray 
diffraction (Cu Kα, 10− 70º range in 2θ, step size 0.05◦, time for step 5 s, 
Philips PW 1710 diffractometer) performed on surfaces polished down 
to 1 μm. The volume fraction of the monoclinic phase (Vm) was esti-
mated from Eq. (6) proposed by Garvie et al. [39] and modified by 
Toraya et al. [40]. 

Vm =
1.311Xm

1 + 0.311Xm
Xm =

[Im( − 111)) + Im(111)) ]
[Im( − 111)) + Im(111)) ] + It(101)

(6) 
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where Im and It are the intensity of the monoclinic and tetragonal peaks, 
respectively. 

Finally, accelerated aging tests were carried out in an autoclave at 
134 ◦C and 2 bars of pressure for 24 and 60 h, and the quantity of 
monoclinic phase on aged surfaces was estimated as described above. 
This test in an autoclave allows to extrapolate the sample behavior in 
vivo since it has been shown that 1 h under these conditions would have 
the same effect as around 3–4 years at 37 ◦C (the body temperature) 
[41]. 

3. Results and discussion 

3.1. Microstructural features of composites 

The relative densities of as-sintered ceramics are shown in Table 2. 
All the composites reached full densification in agreement with SEM 
observations (Fig. 2). Compared to our previous work in which ceramics 
were obtained using a similar shaping method (i.e., uniaxial pressing at 
50 MPa, CIP at 288 MPa, and pressureless sintering at 1450 ◦C-2 h) [27], 
but by different powder processing, the degree of densification was 
improved in all sintered ceramics. The new processing method 
employed here allowed the preparation of almost fully dense 10Ce-1CaO 
TZP based composites, regardless of their composition. The fact of 
drying the dispersed suspensions by slip-casting effectively avoided the 
creation of hard agglomerates, improving in this manner the packing of 
particles during pressing. 

In terms of grain size, the zirconia average grain size decreases with 
the presence of calcia from ~2 μm in pure 10Ce-TZP to 1.2 μm in 10Ce- 
1CaO (See Table 2). This reduction in grain size is not as large as re-
ported in previous works by Turon-Viñas et al. [34] (i.e., ~0.5 μm) and 
Tovar-Vargas et al. [27] (i.e., ~0.6 μm). In these two works, the powders 
were processed by milling and dried through a rotary evaporator 
following by steaming instead of applying a slip-casting drying step. In 

agreement with computed final densities, SEM images of Fig. 2 do not 
reveal the presence of porosity and show a duplex microstructure [42], 
fine (< 0.5 μm) and coarse (> 3 μm) alumina grains were observed in all 
composite ceramics (see Table 2). 

As seen in Fig. 2, fine and coarse alumina grains appear embedded in 
the zirconia matrix. While the size of the finest alumina grains seems to 
be independent of the composite composition, the higher the alumina 
content, the larger is the size of the bigger grains (see Table 2). The 
agglomeration of alumina particles resulting in grains of several microns 
reduces the available amount of alumina fine particles in the composites 
and, consequently, the pinning effect preventing zirconia grain growth. 
As a result, the expected increasing pinning effect with the alumina 
content (5, 10, and 15 wt% alumina) was not observed. The smallest 
grain size was obtained in composites 2.5 and 15 Al2O3 (i.e., zirconia 
grains size of 0.8 μm). With the processing method here employed, the 
microstructure obtained consists of a duplex microstructure [42], a 
matrix of 10Ce-1CaO zirconia in which alumina grains are located 
mainly at the grain boundaries, and a few fine zirconia and alumina 
grains are occupying intragranular positions (inter-intragranular com-
posites) as schematized in Fig. 3. However, studying the effect of these 
clusters of alumina nanoparticles leading to large grains was not the 
scope of this work. In future work, it would be interesting to verify this 
effect on the mechanical properties of the material. For example, in 
improving the fracture toughness by the crack deflection mechanism. 

3.2. Mechanical properties 

Table 3 summarizes the values obtained for the mechanical proper-
ties such as hardness, fracture toughness, flexural strength, and elastic 
modulus. As a comparison, the values of the mechanical properties 
measured for 10Ce-TZP are also reported in Table 3. 

3.2.1. Vickers hardness and elastic modulus 
The evolution of Vickers hardness with alumina content is depicted 

Fig. 1. Samples geometries for determination of a) KIc by the SEVNB method and b) flexural strength by three-point bending.  

Table 2 
Final density and grain size of 10Ce-1CaO and 10Ce-1CaO-Al2O3 composites after sintering at 1450 ◦C for 1 h. The typical grain size of 10Ce-TZP is also reported from 
[34].  

Sample Relative Density (%) Average zirconia grain size 
(μm) 

Average alumina fine grain size distribution 
(μm) 

Average alumina coarse grain size distribution 
(μm) 

10Ce-TZP – 1.99 ± 0.75[34] – – 
10Ce-1CaO 99.7 1.2 ± 0.1 – – 

10Ce-1CaO-2.5Al2O3 99.8 0.8 ± 0.1 0.3 ± 0.1 3.1 ± 1.2 
10Ce-1CaO-5Al2O3 99.9 1.0 ± 0.1 0.4 ± 0.2 6.8 ± 1.9 
10Ce-1CaO-10Al2O3 99.8 0.9 ± 0.1 0.5 ± 0.3 6.9 ± 0.8 
10Ce-1CaO-15Al2O3 99.9 0.8 ± 0.1 0.3 ± 0.1 10.1 ± 1.5  
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Fig. 2. SEM images of ceria-calcia stabilized zirconia and its alumina-containing composites (0 to 15 wt%). Two different populations of alumina grains were 
identified having average sizes of <~0.3-0.5 μm and >~3-10 μm. 
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in Fig. 4. The values of hardness for 3Y-TZP, 10Ce-TZP, and 10Ce-CaO 
base material were taken from the literature are also presented in this 
figure for comparison. The hardness of the matrix (10Ce-1CaO, grain 
size 1.2 μm) is 9.9 GPa. This represents a strong increase when compared 
to a hardness of 6.2 GPa measured in pure 10Ce-TZP material presented 
by Turon-Vinas et al. [34] with a grain size of ~2.0 μm. The hardness 
enhancement can be related to the reduction of the grain size resulting 
from the addition of calcia. However, compared to other zirconia ce-
ramics, for example, 3Y-TZP with a grain size of ~0.2 μm and a Vickers 
hardness of ~13.0 GPa [44], 10Ce-1CaO based composites are less hard. 
For similar ceria-calcia co-stabilized ceramics (11.9 GPa for a grain size 
of ~0.5 μm [34] or 10.4 GPa for ~0.6 μm [27]), in agreement with the 

minor grain size refinement here obtained, the composition of the ma-
trix (10Ce-1CaO), hardness is lower than that reported. The grain size 
reduction in Ce-TZP ceramics co-stabilized with calcia is attributed to 
solid-solution formation showing lower grain-boundary mobility. Based 
on the measured zirconia grain sizes of the composites (Table 2), only 
small differences in hardness are expected as zirconia grain size is al-
ways in the range 0.8–1.0 μm for all composites [44]. 

When alumina is added to 10Ce-1CaO, hardness increases due to the 
composite effect (alumina being harder than zirconia) and the refine-
ment of the microstructure (zirconia grain size). The maximum value of 
hardness is found in the 10Ce-1CaO-2.5Al2O3 composition (10.6 GPa), 
where a zirconia grain size of 0.8 μm was estimated. However, this value 

Fig. 3. Composite microstructure of 10Ce-1CaO-Al2O3 composites. It is a mixture of these two types of composites: a) Micro/nanocomposite in which small black 
rounded and squared particles are α-alumina, and the grey grains correspond to the ceria-calcia stabilized zirconia matrix and b) Duplex particles of α-alumina are 
embedded in ceria-calcia stabilized zirconia matrix. The illustrative schemes shown on the left side of the figure were adapted from [43]. 

Table 3 
Mechanical properties of ceria-calcia stabilized zirconia composites with alumina additions.  

Sample Average zirconia grain size (μm) Hardness (GPa) Fracture Toughness 
(MPa∙√m) 

Flexural Strengthe (MPa) Elastic Modulus (GPa)    

SEVNBc VIFd

Anstis Niihara   

10Ce-TZP 1.6a 6.2b 14a – – 504a 190a 

10Ce-1CaO 1.2 ± 0.1 9.9 ± 0.2 6.5 ± 0.3 12.9 ± 0.6 15.2 ± 1.2 742 ± 131 195 ± 16 
10Ce-1CaO-2.5Al2O3 0.8 ± 0.1 10.6 ± 0.1 5.1 ± 0.3 11.4 ± 0.6 12.7 ± 0.9 571 ± 90 193 ± 7 
10Ce-1CaO-5Al2O3 1.0 ± 0.1 10.2 ± 0.1 6.2 ± 0.7 9.4 ± 0.2 10.2 ± 0.2 739 ± 30 189 ± 6 
10Ce-1CaO-10Al2O3 0.9 ± 0.1 10.2 ± 0.2 6.6 ± 0.4 11.0 ± 0.9 12.0 ± 1.1 685 ± 125 200 ± 20 
10Ce-1CaO-15Al2O3 0.8 ± 0.1 10.3 ± 0.1 – 10.5 ± 1.1 11.9 ± 1.7 556 ± 188 167 ± 14  

a Values reported by El Attaoui [37]. 
b Value reported by Turon-Vinas et al. [34]. 
c Four-point bending test. 
d 490 N load. 
e Three-point bending test. 
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remains lower than that obtained by Tovar-Vargas et al. [27] of 12.3 
GPa for a zirconia grain size of ~0.4 μm. In the ceramic composites 
prepared within this study, hardness remains almost constant for 5, 10, 
and 15 wt% of Al2O3 additions (10.2− 10.3 GPa) since alumina particles 
were partially agglomerated in bigger grains, and all these composites 
present similar zirconia grain sizes and relative density. 

The values of the elastic modulus with the addition of alumina are 
shown in Table 3. The elastic modulus remains almost constant and in 
the range of 189− 200 GPa. Elastic modulus estimated in 10Ce-1CaO and 
2.5–10 wt% of Al2O3 composites are in agreement with those measured 
in 10Ce-TZP based material (190 GPa [37]) and Ce-TZP alumina com-
posites (200 GPa [30]), corroborating the excellent densification and 
microstructural characteristics here achieved. 

3.2.2. Transformed area 
After the Vickers hardness tests carried out at 294 N (HV30), an 

uplifted surface was observed in all the composites, indicating that the 
stress-induced t-m phase transformation took place (see Fig. 5 left). For 
the sake of comparison, the transformation features of 10Ce-TZP are also 
depicted in Fig. 5 right. In contrast to what is observed in 10Ce-TZP 
material (large branched transformation zone without any crack at the 
corner of the imprint), 10Ce-1CaO and all the composites studied 
exhibited smaller transformed zones around the indentation imprints. 

The transformability of the matrix is hardly affected by the alumina 
content in the studied range (see Fig. 5 right). The strong reduction in t- 
m phase transformation in 10Ce-1CaO with respect to Ce-TZP can be 
associated with both the stabilization of tetragonal zirconia by calcia 
and the grain size refinement. However, no further appreciable reduc-
tion in the size of the transformation zone is detected despite a further 
grain size refinement from 1.2 μm in 10Ce-1CaO ceramic to 1.0− 0.8 μm 
in alumina-containing composites. 

3.2.3. Fracture toughness and flexural strength 
The relationship between the KIc (SEVNB method) and the grain size 

of 10Ce-1CaO based material and its alumina-containing composites are 
shown in Fig. 6. The values of KIc for 3Y-TZP, 10Ce-TZP, and 10Ce-CaO 
base material taken from the literature are also presented in this figure 
for comparison. As suggested by the sizes of the transformed areas dis-
cussed before, KIc of pure 10Ce-TZP is higher than for 10Ce-1CaO and its 
composites (i.e., 14 MPa∙√m in 10Ce-TZP vs. less than 6.6 MPa∙√m). 
The KIc for 10Ce-1CaO and its alumina-containing composites are rather 
similar, except for 2.5 wt% Al2O3, for which it is about 20 % lower and 
related to its smaller grain size (5.1 MPa∙√m, 0.8 μm). The grain sizes 
for 5 and 10 wt% alumina compositions increased slightly (1 and 0.9 μm, 
respectively), and also their transformability in comparison to 10Ce- 
1CaO-2.5Al2O3. The SEVNB fracture toughness of 10Ce-1CaO-15Al2O3 
was not measured within this work due to the difficulty of obtaining long 
and flawless bending samples. In general, the processing of composites 
without processing defects becomes critical as the amounts of secondary 
phases increase. We noted a poorer pressability for this last composition. 

The fracture toughness values here measured are comparable to the 

Fig. 4. Vickers hardness of 10Ce-1CaO based composites as a function of grain 
size. The blue fill circle, the green fill inverse triangle, and the red fill triangle 
represent the Vickers hardness of 3Y-ZP, 10Ce-TZP, and 10Ce-1CaO base ma-
terial taken from references [44,37,34], respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article). 

Fig. 5. Left: Nomarski images of Vickers imprints of: a) 10Ce-TZP [33], b) 10Ce-1CaO, c) 10Ce-1CaO-2.5Al2O3, d) 10Ce-1CaO-5Al2O3, e) 10Ce-1CaO-10Al2O3 and f) 
10Ce-1CaO-15Al2O3. A larger transformation is obtained in 10Ce-TZP based material, while for 10Ce-1CaO and its composites (2.5 to 15 wt% of Al2O3), the 
transformability decreases and remains almost the same. Right: Estimated transformed area of 10Ce-TZP, 10Ce-1CaO, and its composites with different alumina 
additions after the Vickers test (294 N). 
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KIc observed in 3Y-TZP for similar grain sizes (i.e., in the range of 5–6 
MPa∙√m) [7,44]. In addition, the fact that the incorporation of only 1 
mol% of CaO to 10Ce-TZP drops KIc to roughly half (6.5 MPa∙√m) can 
be attributed to the strong refinement of grain size by relatively low 
addition of calcia and the corresponding reduction in transformability. 

The VIF fracture toughness values for all the samples (including 
10Ce-1CaO-15Al2O3) are shown in Fig. 7. Indentation crack lengths (l) 
produced with an indentation load of 30 kg (294 N) were too short to 
satisfy the requirements for using Niihara equation for Palmqvist cracks 
(0.25 < l/a < 2.5, where a is half the length of the average indentation 
diagonal [24]). So that, the load was increased to 50 kg (490 N) to in-
crease the crack lengths to fulfill this condition. As expected, estimated 
values of KIc by Vickers indentation were higher in comparison to KIc by 
the SEVNB method. The use of KIc by indentation methods in trans-
formable ceramics could lead to the overestimation of fracture tough-
ness due to the high compressive residual stresses induced by the t-m 
transformation around Vickers imprints [45–48]. 

From a qualitative point of view, the results of both methods, VIF and 
SEVNB, show first a decrease in KIc when adding small concentrations of 

alumina followed by an increase for higher concentrations. However, 
the lowest value of indentation KIc is reached for 5 wt% alumina, while 
for SEVNB KIc, the lowest value is for 2.5 wt% alumina. This shows that 
the indentation methods can also give erroneous trends in the evolution 
of the fracture toughness, an additional reason justifying the need to 
develop larger size specimens (e.g., notched bars) for the characteriza-
tion of the fracture toughness of transformable zirconia-based ceramics. 

The relationship between the strength and grain size for 10Ce-1CaO 
base material and its alumina-containing composites is shown in Fig. 8. 
Once again, the strength for 3Y-TZP, 10Ce-TZP, and 10Ce-1CaO base 
material taken from the literature are also presented as a comparison. In 
this study, the addition of 1 mol% of calcia increases the strength of pure 
10Ce-TZP ceramics (for example, from 504 MPa in 10Ce-TZP ceramics 
having a grain size of 1.6 μm [37] to 742 MPa in our 10Ce-1CaO material 
showing a grain size of 1.2 μm). This change in strength can be related to 
the grain refinement caused by co-doping with calcia and by the increase 
in the stability of the resulting tetragonal phase. The 10Ce-1CaO-5Al2O3 
composite presents a similar strength to that of 10Ce-1CaO based 
ceramic (739 MPa, grain size 1.0 μm). Previous works have shown that 
3Y-TZP ceramics present the highest strength among zirconia ceramics 
(>~1000 MPa) and also a much finer microstructure (grain size of 0.3 
μm) [49]. Regarding 10Ce-1CaO based material, as also shown in Fig. 8, 
the same ceramic composition elaborated by Turon-Viñas et al. [34] 
reached a higher strength (922 MPa) and a grain size of ~0.5 μm. 
However, it is not easy to directly compare our results to these data 
because Turon-Viñas et al. [34] have measured the strength by biaxial 
test, which could lead to an overestimation of the strength due to the 
material transformability. 

In agreement with the fracture toughness values reached in all the 
materials prepared in the present study (i.e., between 5.1 and 6.6 
MPa∙√m), these ceramics behave as brittle materials [50]. In other 
words, the mechanism controlling the fracture changes from trans-
formation controlled in pure 10Ce-TZP [34] to defect controlled in 
10Ce-1CaO and 10Ce-1CaO composites. The behavior of the composites 
can thus be rationalized by considering the relationship between defect 
size, KIc, and strength (Griffith theory). The greater grain size refinement 
observed in 10Ce-1CaO-2.5Al2O3 with respect to the other composites 
induces a decrease in the transformability, hence the reduction of KIc, 
and, therefore, of the strength since fracture initiation is here controlled 
by defect size and not by the t-m phase transformation. 

Fig. 6. SEVNB KIc as a function of grain size. The blue fill circle represents 3Y- 
TZP ceramics, the green fill inverse tringle represents 10Ce-TZP ceramics, and 
the red fill triangle represents 10Ce-1CaO based material. To compare, the KIc 
of these materials was estimated by SEVNB. The reference values were taken 
from [44,37,34], respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article). 

Fig. 7. Fracture toughness as a function of alumina content added to 10Ce- 
1CaO based composites, measured by VIF (Niihara and Anstis equations) and 
SEVNB method. 

Fig. 8. Three-point flexural strength as a function of grain size. The blue fill 
circle represents 3Y-TZP ceramics, the green fill inverse tringle represents 10Ce- 
TZP ceramics, and the red fill triangle represents 10Ce-1CaO based material. To 
compare, σ of these materials was estimated by three-point flexural strength. 
The reference values were taken from [49,37,34], respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article). 
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For higher alumina contents (i.e., 5 and 10 wt% Al2O3 composites), 
the strength slightly increases, in agreement with the very slight in-
crease in KIc, always under the hypothesis that the processing defect 
distribution is similar in both compositions. Finally, there is a large 
scatter and a decrease in the values for the strength of 10Ce-1CaO- 
15Al2O3. As discussed before, for this composition, KIc was not measured 
by the SEVNB method. However, from the value VIF KIc, one would 
expect a similar KIc value as for 10 wt% Al2O3 composites. Therefore, the 
drop and scatter in the strength might be associated with the coarser 
microstructure induced by the agglomeration of alumina particles and 
larger processing defects. Moreover, the lower elastic modulus value of 
167 GPa indicates a greater quantity/size of defects in this composition. 
As in conventional brittle ceramics, the strength decrease in 10Ce-1CaO- 
15Al2O3 is due above all to the increase in the size of processing defects, 
as predicted by Griffith’s theory. 

Finally, for the 10Ce-1CaO-2.5Al2O3 composite, the decrease of the 
strength compared to the matrix (from 742 to 571 MPa) can be related to 
the low fracture toughness value achieved in this composite (5.1 
MPa∙√m). 

To provide an idea of the critical flaw size (ac) in these ceramics, a 
simple calculation was made based on the Griffith equation: 

KIc = Y σ ̅̅̅̅̅̅̅̅̅π ac
√

(7)  

where KIc is the fracture toughness, Y a geometrical factor approximated 
to be 1.1215 for a surface crack of length ac and σ the flexural strength 
(see Table 4). 

Critical defect sizes around 20 μm were estimated in 10Ce-1CaO and 
its composites containing 2.5, 5, and 10 wt% of alumina, corroborating 
the hypothesis that the decrease of the strength with the addition of 2.5 
wt% of alumina is related to the lower transformability of zirconia due 
to the grain refinement and not to a flaw size increase. In composites 
containing 15 wt% of alumina, the size of the critical defect was higher 
(> 30 μm). As discussed earlier, we have observed that the pressability 
of as-prepared powders decreased with the addition of alumina and that 
it was especially critical for 15 wt% Al2O3. The processing step of these 
materials should be further improved. As the maximum sustainable 
stress is here ruled by flaw propagation, the strength of this type of 
composites is therefore strongly affected by the size of the processing 
flaws. 

3.2.4. Low temperature degradation (LTD) 
The monoclinic phase evolution during the accelerated aging tests is 

shown in Fig. 9. As a reminder, XRD was performed in polished 10Ce- 
1CaO and its alumina-containing composites. For 10Ce-1CaO, no 
phase transformation was observed either after polishing or after 60 h of 
testing. For the other materials, low content of the monoclinic phase (<
7 vol%) was transformed during polishing, and only a limited 

transformed monoclinic phase (< 3.6 vol%) was observed after 60 h of 
testing. This behavior demonstrates the excellent aging resistance of 
these ceramics. 

Similar aging results were obtained in composite samples of the same 
composition (10Ce-1CaO based ceramics) studied in previous work 
[27]. By using the rough criteria that 60 h of accelerated aging in 
autoclave represents 180–240 years in-vivo at 37 ◦C, it is clear that the 
materials here developed are enough aging resistant to meet the stability 
characteristics required in biomedical applications. As a reminder, to 
allow the implantation of a zirconia-based material into the human 
body, the ISO standard 13356 recommends applying only 5 h of accel-
erated aging in an autoclave (134 ◦C, 2 bars) and obtaining less than 25 
% of transformed monoclinic phase. Finally, it should be emphasized 
here that 10Ce-TZP pure ceramics subjected to 70 h of accelerated aging 
do not aged [51], corroborating that the addition of calcia as a 
co-stabilizer and the resulting oxygen vacancies have only a little impact 
on the aging resistance of 10Ce-1CaO based materials (less than 3.6 vol 
% of transformation after 60 h of test). 

4. Final considerations and perspectives 

In order to prepare a new type of highly aging resistance zirconia- 
based ceramics for structural biomedical applications, Ce-TZP can be 
used if its strength, usually reaching 500− 600 MPa, is improved. For 
doing that, the t-m phase transformability could be adapted by modi-
fying both the amount of stabilizer (CeO2) and the zirconia grain size. 
Moreover, the size of the processing defects must also be decreased. One 
way to refine the microstructure of Ce-TZP ceramics is to make com-
posites, for example, by adding secondary phases such as alumina and/ 
or aluminates [32]. The most significant work done in this area was 
published in 1998 by Nawa et al. [30]. These authors developed a 
10Ce-TZP-based composite (10 mol% CeO2, zirconia grain size of ~0.6 
μm) containing 30 vol% of Al2O3 particles and characterized by 
impressive values of strength and KIc (950 MPa by three-points bending 
and 9.8 MPa∙√m by SEVNB, respectively). Later, this material was 
optimized and patented under the trademark NanoZr® (Panasonic 
Electric Works, Japan), and it has become a real benchmark in the field 
of Ce-TZP-based composites. Other researchers have developed Ce-TZP 
triphasic-based composites (see Table 1). In comparison with NanoZr®, 

these tri-phasic composites exhibit a slightly larger zirconia grain size 
(0.9 μm), lower values of strength (559 MPa by three-points bending), 
relatively higher KIc (10.2 MPa∙√m by SEVNB) and ductile behavior 
[32,28]. Another way to refine the microstructure of Ce-TZP ceramics is 
to co-stabilize it with calcia (CaO). It has been shown that the addition of 

Table 4 
Critical flaw size (ac) on ceria-calcia stabilized zirconia composites with alumina 
additions estimated using Griffith equation.  

Sample Fracture Toughness 
(MPa∙√m) 

3-Point Flexural 
Strength (MPa) 

Length of critical 
surface defect 

ac(μm)b  

10Ce-1CaO 6.5 742 19 
10Ce-1CaO- 

2.5Al2O3 

5.1 571 20 

10Ce-1CaO- 
5Al2O3 

6.2 739 18 

10Ce-1CaO- 
10Al2O3 

6.6 685 23 

10Ce-1CaO- 
15Al2O3 

6.2− 6.6a 556 31− 36  

a The fracture toughness value for 15 wt% was assumed to be similar to that 
measured for 5 and 10 wt% of alumina (between 6.2 and 6.6 MPa∙√m). 

b Estimated from the Griffith equation. 

Fig. 9. Monoclinic volume fraction as a function of accelerated aging time. The 
accelerated aging test was done in an autoclave at 134 ◦C and 2 bars. 
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only 1 mol% of calcia reduces effectively the zirconia grain size (thus 
increasing the strength and hardness) but also makes the tetragonal 
phase more stable, thus decreasing the quantity of t-m phase trans-
formation under stress [34]. In the present work, we have combined 
both approaches in order to develop ceria-calcia zirconia-based com-
posites containing alumina particles. 

The KIc values for the ceramic matrix (10Ce-1CaO) and its compos-
ites were very close (in the range 6.2− 6.6 MPa∙√m) except for the 2.5 
wt% alumina composition (5.1 MPa∙√m). Such KIc values corroborate 
the brittle behavior characterizing these ceramics 10Ce-1CaO zirconia- 
based materials in contrast to the ductile one characterizing 10Ce-TZP 
ceramics. This change from ductile to brittle results from a greater sta-
bilization of the tetragonal phase by the addition of calcia. Even if the 
actual content of calcia entering in solid-solution needs to be better 
characterized, it seems to have a very strong effect on the stabilization of 
the tetragonal phase through the incorporation of oxygen vacancies 
(calcium being bivalent and replacing tetravalent zirconium) and the 
microstructural refinement. 

For comparison, the KIc of pure ductile behaving 10Ce-TZP is about 
15–20 MPa∙√m [52]. In the case of our materials, the best combination 
of strength and KIc is observed in 10Ce-1CaO (742 ± 131 MPa and 6.5 ±
0.3 MPa∙√m, respectively) and 10Ce-1CaO-5Al2O3 composite (739 ±
30 MPa and 6.2 ± 0.7 MPa∙√m, respectively). Although these me-
chanical characteristics are very similar, compared to the pure matrix, 
the addition of 5 wt% Al2O3 also makes it possible to slightly increase 
the hardness of the material and to reduce the variability of the strength 
(i.e., the standard deviation). 

It is worth noticing that if KIc is measured by VIF methods, the values 
obtained (between 10 and 16 MPa∙√m) are overestimated. It is 
important to recall that the VIF method has many drawbacks for char-
acterizing KIc in transformable ceramics, as indentation residual stresses 
are partially released as phase transformation occurs, and, consequently, 
the energy released by crack propagation is much lower than that pre-
dicted by the model, resulting in higher KIc values. While this limitation 
is generally understood, it is also true that, sometimes, high values of KIc 
measured by VIF are reported in the literature without a further 
appraisal. Nevertheless, the VIF method is still a method giving some-
times a reasonable qualitative comparison of toughness between similar 
materials. 

From a microstructural point of view, the duplex alumina grains 
obtained here have indirectly demonstrated the importance of the zir-
conia grain size on the mechanical behavior of this type of ceramics, 
thanks to the limitation of the pinning effect and the greater grain 
growth obtained, in comparison with our previous works. Recently, it 
has been shown that the toughness of ceramics can be improved in 
duplex ceramics because a larger residual stress field is induced by the 
introduction of bigger second phase grains [42]. In our work, the 
contribution of large alumina particles on toughening the ceramics by 
promoting the crack deflection still needs to be studied in-depth, for 
example performing R-curve analyzes. Finally, for better studying the 
strength-toughness relationship on ceria-calcia co-stabilized 
zirconia-based ceramics and composites, it will be necessary to reduce 
the “stabilization degree” of the tetragonal phase to move towards the 
ductile domain. 

5. Conclusions 

The present work studied the impact of the density, microstructural 
features, and mechanical behavior of 10Ce-1CaO zirconia-based com-
posites containing different alumina content (0–15 wt% Al2O3). 

Compared to other works where 10Ce-1CaO based composites were 
developed, our materials exhibited a lower reduction in the zirconia 
grain size related to the duplex microstructure developed and good 
mechanical properties (KIc, strength, and hardness). In addition, the 
densification of ceramics prepared here has been improved compared to 
composites having the same composition and characterized in our 

previous works. 
Fracture toughness measurements using SEVNB method gave more 

accurate values and tendencies than indentation ones; hence, it is rec-
ommended to characterize this type of transformable zirconia-based 
ceramics by SEVNB. Likewise, the use of four- and three-point bending 
tests should be preferred for strength characterization. Thanks to these 
measurements, we have corroborated the brittle behavior of 10Ce-1CaO 
zirconia-based ceramics resulting from a higher tetragonal phase 
stabilization. 

The best combination of mechanical properties was obtained in 
highly dense (99.9 %) and micron-sized 10Ce-1CaO-5Al2O3 composites 
(zirconia grain size 1.0 μm) that combined an excellent strength (739 ±
30 MPa), KIc (6.2 MPa∙√m), and hardness (10.2 GPa). 

As regards the low temperature degradation, 10Ce-1CaO based ce-
ramics and its alumina-containing composites presented high aging 
resistance. The relative increase in the monoclinic phase was below ~4 
vol% after a long-accelerated aging test of 60 h (134 ◦C, 2 bars). This 
means that these ceramics meet the stability requirements for biomed-
ical applications. 

To further increase the strength and fracture toughness in 10Ce- 
1CaO based composites, it is necessary to move towards the ductile 
domain, in other words, to increase the transformability of the tetrag-
onal phase. This could be accomplished by decreasing the ceria content 
(<10 mol%) while leaving the calcia composition constant (1 mol%) or 
by keeping the quantity of ceria constant (10 mol%) and varying the 
concentration of calcia (between 0− 1 mol%). A compromise must be 
found between the grain size (therefore the alumina content and grain 
sizes) and the transformability of the material (ceria and calcia 
composition) in order to optimize both strength and toughness. Further 
study of the advantages provided by the presence of the coarse grains of 
alumina over the fracture toughness of the material should also be 
undertaken. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors are grateful to the JECS Trust for funding the research 
stay of Ms. D. Tovar-Vargas in the MATEIS laboratory of INSA-Lyon 
(Contract 2019226). The authors want to thank the “Ministerio de 
Economia y Competitividad” of Spain within the Nacional Plan Project 
MAT2014-60720-R for the financial support as well as the fellowship 
BES-2015-075036 awarded to D. Tovar-Vargas. Besides, the authors 
want to thank Dr. Kitai Makoto of Daiichi Kigensu Kagaku Kogyo Co. for 
supplying the commercial 10Ce-TZP zirconia powder used as raw 
material. 

References 

[1] R.C. Garvie, R.H. Hannink, R.T. Pascoe, Ceramic steel? Nature 258 (1975) 
703–704. 

[2] J. Chevalier, L. Gremillard, S. Deville, Low-temperature degradation of zirconia 
and implications for biomedical implants, Annu. Rev. Mater. Res. 37 (2007) 1–32, 
https://doi.org/10.1146/annurev.matsci.37.052506.084250. 
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nanoindentation cube-corner cracks observed by FIB tomography: implication for 
fracture resistance estimation, J. Eur. Ceram. Soc. 35 (2015) 2949–2955, https:// 
doi.org/10.1016/j.jeurceramsoc.2015.03.031. 

[19] P.F. Cesar, A. Della Bona, S.S. Scherrer, M. Tholey, R. van Noort, A. Vichi, R. Kelly, 
U. Lohbauer, ADM guidance—ceramics: fracture toughness testing and method 
selection, Dent. Mater. 33 (2017) 575–584, https://doi.org/10.1016/j. 
dental.2017.03.006. 

[20] J.F. Tsai, U. Chon, N. Ramachandran, D.K. Shetty, Transformation plasticity and 
toughening in CeO2-partially-stabilized zirconia-alumina (Ce-TZP/Al203) 
composites doped with MnO, J. Eur. Ceram. Soc. 75 (1992) 1229–1238, https:// 
doi.org/10.1111/j.1151-2916.1992.tb05562.x. 

[21] R.A. Cutler, R.J. Mayhew, K.M. Prettyman, A.V. Virkar, High-toughness Ce-TZP/ 
Al2O3 ceramics with improved hardness and strength, J. Am. Ceram. Soc. 74 
(1991) 179–186, https://doi.org/10.1111/j.1151-2916.1991.tb07315.x. 

[22] D. Casellas, M.M. Nagl, L. Llanes, M. Anglada, Fracture toughness of alumina and 
ZTA ceramics: microstructural coarsening effects, J. Mater. Process. Technol. 
143–144 (2003) 148–152, https://doi.org/10.1016/S0924-0136(03)00396-0. 
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Samples Nomenclature  

 

10Ce-TZP: ZrO2-10 mol% CeO2 powder supplied by Daiichi 

10Ce-2.5Al2O3: ZrO2-10 mol% CeO2 powder with 2.5 wt% α-Al2O3 

10Ce-5Al2O3: ZrO2-10 mol% CeO2 powder with 5 wt% α-Al2O3 

10Ce-10Al2O3: ZrO2-10 mol% CeO2 powder with 10 wt% α-Al2O3 

10Ce-15Al2O3: ZrO2-10 mol% CeO2 powder with 15 wt% α-Al2O3 

 

10Ce-1CaO: ZrO2-10 mol% CeO2 with 1 mol% CaO 

10Ce-1CaO-2.5Al2O3: ZrO2-10 mol% CeO2 with 1 mol% CaO and 2.5 wt% α-Al2O3 

10Ce-1CaO-5Al2O3: ZrO2-10 mol% CeO2 with 1 mol% CaO and 5 wt% α-Al2O3 

10Ce-1CaO-10Al2O3: ZrO2-10 mol% CeO2 with 1 mol% CaO and 10 wt% α-Al2O3 

10Ce-1CaO-15Al2O3: ZrO2-10 mol% CeO2 with 1 mol% CaO and 15 wt% α-Al2O3 

 

 

 

 

 

 

 

 



PROCESSING, MICROSTRUCTURE, AND MECHANICAL PROPERTIES OF CERIA-STABILIZED 
ZIRCONIA-BASED CERAMICS CO-DOPED WITH CALCIA AND ALUMINA 

 

142 
 

ABBREVIATIONS AND SYMBOLS 

 

Al2O3: Aluminum Oxide  

ATZ: Alumina Toughened Zirconia  

ASTM: American Society for Testing Materials 

BET:  Brunauer Emmett Teller  

B3B: Ball-on-three balls test 

CaO: Calcium Oxide  

CeO2: Cerium Oxide  

Ce-TZP: TZP stabilized with CeO2 

CIP: Cold Isostatic Pressing 

c-ZrO2: cubic zirconia phase  

DCB: Double Cantilever Beam 

DT: Double Torsion 

EDS/EDX: Energy Dispersive X-ray Spectroscopy  

FSZ: Fully Stabilized Zirconia 

H: Hardness 

Hv: Vickers Hardness 

HIP: Hot Isostatic Pressing 

ISO: International Standard Organization 

KIc: Fracture Toughness 

LTD: Low Temperature Degradation 

m-ZrO2: Monoclinic zirconia phase  

PEG: Polyethylene Glycol  
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PSZ: Partially Stabilized Zirconia 

P3P: Piston-on-three balls biaxial test 

SEM: Scanning Electron Microscopy  

SSA: Specific Surface Area 

SEVNB: Sigle Edge V-Notch Beam  

TD: Theoretical Density  

t-ZrO2: Tetragonal zirconia phase  

t-m: Tetragonal to monoclinic phase transformation 

TZP: Tetragonal Zirconia Polycrystals  

UP: Uniaxial Pressing 

VIF: Vickers Indentation Fracture Toughness  

Vm: Volume monoclinic zirconia phase fraction  

XRD: X-Ray Diffraction  

ZTA: Zirconia Toughened Alumina  

Y2O3: Yttrium Oxide  

Y-TZP: TZP stabilized with Y2O3 

3Y-TZP: TZP stabilized with 3 mol%  

3P: Three-point bending test 

4P: Four-point bending test 

10Ce-TZP: TZP stabilized with 10 mol% CeO2  

ρ: Density   

ɛ: Elastic Modulus  

σ: Strength  
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Theoretical Densities  

 

Monoclinic phase: 5.82 g/cm3 (JCPDF no. 74-0815) 

Tetragonal phase: 6.12 g/cm3 (JCPDF no. 80-0965) 

Tetragonal phase stabilized with Ceria: 6.23 g/cm3 (JCPDF no. 82-1398) 

α-alumina: 3.99 g/cm3 (JCPDF no. 10-0173) 

Calcia: 3.34 g/cm3 
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