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ABSTRACT 
Tetragonal polycrystalline zirconia, commonly stabilised with 3 mol% yttria 

(3Y-TZP), became one of the most interesting ceramics for biomedical applications 
due to its biocompatibility and high mechanical properties. Among them, its high 
fracture toughness should be highlighted, which is due to the stress-induced 
tetragonal-to-monoclinic (t→m) phase transformation near a crack tip. However, the 
tetragonal grains can also spontaneously transform to monoclinic phase in a humid 
environment, phenomenon known as low-temperature degradation (LTD), which is 
an important issue for applications in which water is present. 

Several methods have been proposed to increase the LTD resistance in 
zirconia, which range from improving the fabrication process in terms of grain size, 
density or residual stresses, to doping zirconia with other oxides, like magnesia or 
ceria. 

Particularly, ceria-stabilised zirconia (Ce-TZP) possesses higher LTD 
resistance and fracture toughness than 3Y-TZP, but lower fracture strength and 
hardness, partly because of its larger grain size. The proposed approach consists in 
improving the mechanical properties controlling the grain growth by the addition of 
solutes. 

Thus, on the one hand, this work focuses on obtaining and characterising 
compositions that balance a high resistance to LTD with mechanical properties. 

Regarding the latter, fracture toughness is a key parameter to characterise 
advanced ceramics. Sometimes, the brittle behaviour of ceramics is an important 
hindrance for measuring fracture toughness. Elastic fracture mechanics is based on 
the assumption that materials are homogenous, continuous, isotropic, and cracks are 
idealised with zero crack-tip radius. Inducing a crack sharp enough and with a 
controlled shape and length in ceramics has been a critical issue during decades. 

Hence, the other main objective of this work is to develop a methodology to 
measure the fracture toughness of ceramics more accurately and easy to reproduce. 
The method proposed consists in the fabrication of small notches by ultra-short 
pulsed laser ablation. 
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This dissertation is presented as a compendium of published articles. The 
first chapter consist in an introductory state-of-the-art of zirconia materials, the 
different approaches to produce better compositions and the problems determining 
some of its mechanical properties. Chapter 2 consist in the objectives and coverage 
of the thesis. A summary of the most important findings can be found in Chapter 3, 
and Chapter 4 includes the final conclusions and future perspectives derived from 
this work. The articles are included at the end of this dissertation, as well with an 
additional supplementary non-published-yet work. 

This thesis is submitted for the degree of Doctor of Philosophy at the 
Universitat Politècnica de Catalunya. The research described in this work was 
carried out by the author during the period from December 2012 to October 2017 
under the supervision of Prof. M. Anglada in the Department of Materials Science 
and Metallurgical Engineering at the Universitat Politècnica de Catalunya, and 
during 3 research stays during 2015, 2016 and 2017 (406 days in total) in MTM 
Department at KU Leuven under the supervision of Prof. J. Vleugels. The work 
described in this dissertation is original, unless otherwise detailed references are 
provided. 
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PREFACE 
Materials are the perfect scapegoat: they meekly suffer our anger and 

clumsiness. If the screen of our phone cracks because it fell from our pockets while 
biking too fast, or if we ham-fistedly throw the just-washed dish on the floor. We 
always blame materials. 

Unlike the common thinking of considering materials as “inert, static 
things”, materials also react to environment, as we do. Like human psyche, most 
materials require of a certain specific environment to keep being stable; losing their 
integrity if they remain in a situation they do not like. Some materials even change 
their colour when heated [1] or exposed to UV light [2], just like British in Benidorm. 

The subject of this thesis, zirconia, is a bit of a drama queen: it is deeply 
affected by humidity, grain size, small differences in dopant content, impurities, 
density, slight variations on temperature, oxygen supply during sintering, stress rate, 
a sloppy polishing… One should really take care of every parameter when testing this 
histrionic material. 

In front of adverse situations, materials can get tensed, in the form of 
internal residual stresses, and if the stresses are too high they may crack, like when 
the deadline to finish an everlasting thesis is approaching. It is probably not a 
coincidence that the term resilience, the capacity of overcoming an adversity, is 
applied both in human psychology and materials science. In some cases, some 
materials develop an increasing resistance against cracks, like our immune system 
trying to fight a cold. 

Despite the unfounded nostalgic saying of “things are not made like before”, 
technological advances and scientific research are succeeding in producing better 
materials, understanding their fundamentals and optimising their properties for 
each application. However, things are still breaking. 

 
[1] Day, J. H. Thermochromism. Chem. Rev. 63, 65–80 (1963). 
[2] Hirshberg, Y. Photochromie dans la serie de la bianthrone. C. R. Acad. Sci. 231, 903 (1950). 
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Unlike us (or at least, some people), materials are not smart (even if some of 
them are just called like that). Therefore, we should be the ones using the not-so-
smart materials smartly. 

In most cases, especially in the case of brittle ceramics, the fault does not lay 
in the material itself. Very often there is a lack of good mechanical design due to an 
insufficient understanding of the material, and an improper fabrication, machining, 
handling or use. Materials are not inherently bad, only sometimes misused. 

Thus, this dissertation is only a small attempt to contribute to the better 
understanding of certain aspects of particular compositions of a specific material 
used in delimited conditions of defined applications. 

 

―Miquel Turón Viñas 
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CHAPTER 1  
INTRODUCTION 

 



 

This chapter is divided in five sections: 

The first part, Zirconia, consist in a brief history of zirconia ceramics and 
their applications, and the first studies that successfully lead to the stabilised zirconia 
materials. All the different types of zirconia-based ceramics and the discoveries and 
problematics are written in chronological order as they arose. 

The second part, Stabilisation, address the causes and effects of the 
stabilisation of the tetragonal phase of zirconia, focusing on how to obtain the 
metastable phase and the, good and bad, consequences. 

The third and fourth sections, Improving LTD resistance and Improving 
mechanical properties, respectively, focus on the theoretical background to obtain 
novel zirconia materials that enhance the advantages and reduce the disadvantages 
of transformable zirconia-based ceramics. 

Finally, the fifth part, Fracture toughness, is an introduction of fracture 
mechanics and the problematics of measuring the crack-growth resistance of 
ceramic materials, emphasizing how to correctly measure it in the case of 
transformable ceramics such as zirconia. 



 

3 

1.1 Zirconia ceramics 
1.1.1 History of zirconia 

Zirconium dioxide (ZrO2), known as zirconia, is a crystalline ceramic 
material identified as such in 1789 by the German chemist Martin Heinrich 
Klaproth. The word zirconium comes from the mineral zircon, which derives from 
the Persian zargun (زرگون) “gold-colored” [1]. It is found in nature mainly in 
baddeleyite in its monoclinic form. During centuries, it was only used blended with 
rare earth oxides as a pigment for ceramics due to the impossibility of producing 
solid and dense bricks after firing. 

During the early 20’s, it attracted interest because of its excellent refractory 
properties due to its high melting point (~2715 ºC). However, some failures observed 
on its use as an enamel opacifier led to some investigations about its high 
temperature crystal structures [2]. 

At room temperature, the stable structure of pure zirconia is monoclinic (m), 
which transforms to tetragonal (t) phase upon heating (~1170–2370 ºC) and to cubic 
(c) structure (fluorite) at higher temperatures (2370–2680 ºC), as depicted in Figure 
1.1 [3]. 

The transformation from tetragonal to monoclinic (t→m) is athermal and 
diffusionless, i.e. martensitic and reversible, and it involves a volume expansion of 
~4%. Nowadays it is known that this expansion creates high internal stresses, which 

 
Figure 1.1 Pure zirconia polymorphs: (a) cubic, (b) tetragonal and (c) monoclinic. 
Red spheres represent Zr and blue goes for O [3]. 
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induce cracking and may result in a failure of the component upon cooling from 
sinterization, and for that reason the applications of zirconia as structural ceramic 
were very limited. 

During decades, the interest was focused in obtaining those high 
temperature structures at lower temperatures. However, the first experiments by 
rapid quenching did not offer consistent results [4]. 

The tetragonal structure of zirconia was first reported in 1929 by Ruff et al. 
[5]. They also observed that the addition of different oxides (MgO [5], SrO, BaO, Sc2O3, 
Y2O3, La2O3, CeO2, FeO, Al2O3, CaO [6], ThO2 [7] or BeO [8]) changed the 
transformation temperature and could stabilise the cubic form at lower 
temperatures. 

Thus, it was finally possible to stabilise at room temperature the cubic phase 
of zirconia by the addition of large amounts (16 to 30 mol%) of either calcia or 
magnesia [9]. These materials are known as fully-stabilised zirconia (FSZ).  

Clark and Reynolds, in 1937, were able to produce metastable tetragonal 
zirconia at room temperature for the first time by annealing amorphous zirconia 
obtained from salts [2], but the first results were not consistent and reproducible as 
the nature of the transformation was not fully understood. 

The martensitic nature of the t→m transformation was first suggested in 
1963 [10]. In 1965, Garvie [11] observed that there is a critical crystallite size above 
which the metastable tetragonal phase cannot exist at room temperature, and 
therefore the control of powder processing was of great importance. 

Garvie and Nicholson [12] then observed that improved mechanical 
properties were obtained in a cubic stabilised material containing nanometric 
monoclinic precipitates, known as partially-stabilised zirconia (PSZ). 

In 1975, Garvie et al. [13] discovered that a fine dispersion of nanometric 
tetragonal particles in a cubic matrix of zirconia stabilised with calcia enhanced 
enormously the strength of the material due to the stress-induced transformation of 
the metastable tetragonal phase to monoclinic. 

It was stated that the increase of strength was produced mainly by the 
“absorption of energy” during the martensitic t→m transformation. This phase 
transformation is accompanied by a ~4% increase in volume around the crack tip 
which closes the crack and increases its propagation resistance, increasing the 
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fracture toughness, therefore the mechanism is referred to as transformation 
toughening [3]. 

Finally, Rieth et al. [14] and Gupta et al. [15] were the first ones succeeding on 
the fabrication of PSZ containing only tetragonal phase, which were later known as 
tetragonal zirconia polycrystals (TZP), by stabilising with yttria. 

Since then, zirconia-based ceramics found application as a structural 
material due to their excellent mechanical properties and chemical stability. 

1.1.2 Applications 
These properties make zirconia ceramics suitable for applications in 

aggressive environments involving high refractory, corrosion and thermal shock 
resistant parts like extrusion dyes, valves and port liners for engines and in foundry, 
thermal barrier coatings (TBCs), wear resistant components like blades and bearings 
and high temperature ionic conductive applications like solid electrolytes in fuel cells 
and in oxygen sensors. Also, its biocompatibility and good mechanical properties 
makes zirconia interesting as a biomaterial [16,17]. 

In 1988, Christel et al. [18] introduced the first use of zirconia to manufacture 
ball heads for total hip replacements (THR). Even though at the early stages several 
stabilising oxides (like CaO or MgO) were used, in the 90’s, zirconia-yttria ceramics 
became the most interesting alternative to alumina in orthopedics because of its 
higher strength and fracture toughness, which allows smaller femoral heads (see 
Table 1.1). More recently, zirconia has found application in prosthetic dentistry for 
dental implants, crowns, bridges and abutments, due to its good mechanical 
properties, aesthetics, and also easy color modification [17,19]. 

However, even though biomedical grade 3% mol yttria-tetragonal 
polycrystalline zirconia (so-called 3Y-TZP) exhibits the best mechanical properties 
of oxide ceramics due to phase transformation toughening, its application in femoral 
heads has been limited due to the discovery of the spontaneous transformation of the 
metastable tetragonal phase to its monoclinic form in aqueous atmospheres, which 
deteriorates the surface mechanical properties of 3Y-TZP. This phenomenon, 
known as aging, hydrothermal degradation or low-temperature degradation (LTD), 
was first observed in 1981 by Kobayashi et al. [20]. 
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Table 1.1 Mechanical properties of different ceramics for biomedical applications [21]. 

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 8.0 600 1000 
12Ce-TZP 7.8 700 1000–1100 
Micro-nano-alumina-zirconia 6.0 600 1800 
Nano-nano-Ce-TZP-alumina 8.4 900 1300 

This sudden transformation to monoclinic produces internal stresses due to 
the higher volume of the monoclinic phase that may lead to microcracking, reducing 
drastically the mechanical properties of the ceramic (LTD will be discussed in more 
detail in section 1.2.3). 

In 1997, the Food and Drugs Administration (FDA) sent a warning of the 
possible aging effects in zirconia prostheses after sterilisation [22] and, due to a 
posterior sudden increase in the percentage of in vivo failure of 400 Prozyr® (Saint-
GoBain, France) femoral heads in 2001–2002 [23], the use of zirconia ceramics for 
prostheses stopped abruptly in Europe and opened a controversial debate [24]. 

This phenomenon has been extensively studied [25–30] but not yet fully 
understood. It is known that it takes place in presence of water vapour or aqueous 
solutions, it is time-dependent and proceeds most rapidly at temperatures of 200-
300 ºC, but it can occur also at lower temperatures [25,31]. 

Y-TZP is not currently used in orthopaedic applications in Europe. In spite 
of that, surprisingly, the use of zirconia in the recent years for dental restorations is 
becoming increasingly popular [19]. Partly, this is due to the development of novel 
zirconia grades with increased resistance to LTD. Also, in some dentistry 
restorations, zirconia is not in direct contact with the environment since it is coated 
by porcelain, and the consequences of a lack of reliability is less dramatic than in hip 
or knee replacements. 

Although there is no clear clinic evidence of serious problems of dental 
zirconia related to LTD, the number of clinical studies is still small, and the majority 
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are not controlled clinical trials and have limited 3- to 5-year follow-up [32–37]. 
Therefore, the long-term performance of dental zirconia is still unknown, and it is 
very likely that degradation is still an issue in those applications where degradation 
of surface mechanical properties are of paramount importance, like in the interface 
between the ceramic core and the veneering. 

The use of full-contour Y-TZP restorations without the aesthetic veneering 
porcelain is increasing in the last years, because it avoids chipping of the veneering 
porcelain, which is the most commonly reported issue for dental zirconia 
restorations [38,39]. However, that exposes the Y-TZP to the oral cavity, which 
represents a hostile environment: aqueous saliva, pH and temperature changes, and 
cyclic loading during mastication threaten the stability of the restoration [40]. It has 
also been reported that corrosive environments (such as acidic and alkaline 
environments) can also trigger spontaneous phase transformation and affect 
mechanical properties [41]. 

Hence, in the last years, most effort has been put to make TZP ceramics more 
resistant to LTD. This will be discussed in section 1.3. 

1.1.3 Classification 
Broadly, zirconia-based ceramics can be classified in three major groups 

according to the final microstructure achieved: 

Fully stabilised zirconia (FSZ), also known as cubic-
stabilised zirconia (CSZ), is obtained with large concentration of stabilisers. 
It has a single-phase microstructure formed by large cubic grains. It is mostly 
used for high-temperature applications (heat exchangers, thermal barrier 
coatings, solid electrolytes, fuel cells or oxygen sensors), but recently they 
also found application in dentistry due to their high translucency. Moreover, 
single crystals of cubic zirconia are used as a synthetic substitute of 
diamonds. 

Partially stabilised zirconia (PSZ) consists of 
nanosized tetragonal or monoclinic precipitates embedded in a cubic 
matrix, and it is generally obtained with the addition of magnesia or calcia. 
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Tetragonal zirconia polycrystals (TZP) are 
generally considered as fully tetragonal, but may contain also a secondary 
cubic phase depending on the amount of stabiliser. These ceramics (as well 
as PSZ with tetragonal precipitates) possess high fracture toughness due to 
the stress-induced t→m transformation around the crack during its 
propagation. 

This thesis will be mainly focused on TZP-based ceramic materials. 

1.2 Stabilisation 
1.2.1 Effect of dopants 

As stated previously, the method to stabilise high-temperature phases of 
zirconia at low temperature is by doping with certain aliovalent ions. 

The Zr atom is too small to maintain the 8-fold fluorite structure at low 
temperatures due to the oxygen overcrowding around it, which generates internal 
strain that is partially relieved by changing the atom ordering to a 7-fold monoclinic 
structure (as the cation-anion radius ratio is below 0.732 [42]). The addition of 
dopants with typically higher cation radius and lower valence, substitute Zr4+ and 
introduce oxygen vacancies in order to maintain charge neutrality, as illustrated in 
Figure 1.2. 

 
Figure 1.2 Oxygen vacancies formation into the ZrO2 lattice through the addition 
of Y2O3 [43]. 
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For example, in the case of doping with Y2O3 one vacancy is formed for 
every two yttrium ions. Using Kröger-Vink notation [44]: 

→ 2 3 •• 1.1 

where, Y  represents the Y3+ ions on cationic sites, substituting Zr4+ ions 
and, therefore, with a relative charge of -1. O  stands for oxygen ions on anionic sites 
and with neutral charge and V•• means the double positively charged oxygen 
vacancies introduced in the lattice for charge compensation. 

Thus, the stabilization is only a consequence of the oxygen overcrowding 
relief and the consequent lattice relaxation around the oxygen vacancies associated 
to Zr atom introduced by these dopants for charge compensation rather than for the 
aliovalent dopant itself, as it occurs with oversized (respect to the Zr4+) trivalent 
dopants such as Y3+ or Gd3+ [45–47]. 

The presence of these vacancies reduces the average cation coordination 
number to a value between 7 and 8 depending on the dopant concentration, making 
the local atomic environments in the stabilised material different from the 
corresponding stoichiometric high-temperature phases (tetragonal and cubic) [47,48]. 

These oxygen vacancies show a preference to be closer to the smaller cation. 
Therefore, for oversized cations, the vacancies will be closer to Zr ions, while in the 
case of undersized they will be bonded to the dopant cations [46,49]. The effective ionic 
radii of different cations can be seen in Table 1.2. 

Table 1.2 Effective ionic radii for 8-fold coordination of different metallic oxides 
[50]. * 6-fold coordination 

Cation Ionic radius (Å) Cation Ionic radius (Å) 

Ge4+ 0.53* Mg2+ 0.89 
Al3+ 0.535* In3+ 0.92 
Cr3+ 0.615 Ce4+ 0.97 
Ga3+ 0.62* Yb3+ 0.985 
Ti4+ 0.74 Y3+ 1.019 
Nb5+ 0.74 Gd3+ 1.053 
Fe3+ 0.78 Nd3+ 1.109 
Hf4+ 0.83 Ca2+ 1.12 
Zr4+ 0.84 Ce3+ 1.143 
Sc3+ 0.87 La3+ 1.160 
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However, the tetragonal phase of zirconia, can also be stabilised either by 
smaller cations and/or with higher valences. As the stabilising mechanism is 
explained by the oxygen vacancies associated to Zr ions, the stabilization effect of 
undersized trivalent (or divalent) dopants (such as Fe3+, Ga3+ and Al3+) and 
tetravalent cations that do not introduce vacancies (such as Ge4+ or Ce4+), cannot be 
explained by the described model [46,51]. 

Undersized trivalent dopants, such as Fe3+ and Cr3+, compete with Zr cation 
for the oxygen vacancies (as the anionic vacancies tend to be close to the smaller 
cation [49]) and highly distort the network, and therefore their ability to relieve the 
oxygen crowding around Zr is diminished and, consequently, their stabilization 
effect. Their stabilising effect can be explained by the large distortion of the lattice 
they create, but that also decreases their solubility [46]. 

In the case of dopants with similar radius than Zr4+, oxygen vacancies have 
no particular preference, thus being less prone to be tied up by the cations, increasing 
their mobility and making these dopants suitable for ion conductivity applications 
such as solid oxygen fuel cells (SOFC) [49]. 

 
Figure 1.3 Schematic illustration of tetravalent doping of zirconia: decrease of the 
tetragonality in the case of oversized dopants (left) and increase in the case of 
undersized dopants (right). Numbers indicate atom positions in b direction [51]. 
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For oversized tetravalent dopants, such as Ce4+, the large difference in the 
distance between dopant-O and Zr-O produces a large distortion that dilates the 
cation network and reduces the tetragonality (see Figure 1.3), which increases the 
stability of the tetragonal phase because of the decrease in strain energy [51]. In the 
case of undersized tetravalent dopants, such as Ge4+, the network is not distorted and 
therefore the tetragonality increases. However, they provide a stronger cation-O 
bond and create a solute cation ordering that reduces the internal strain energy of 
the Zr cation sublattice [51]. 

Therefore, the stabilisation of the tetragonal (or cubic) structure is obtained 
by the relaxation of the internal strain of the lattice, which can be achieved by two 
different mechanisms:  

a) by introducing oxygen vacancies associated to Zr ions (the case of 
trivalent oversized dopants, such as Y3+), or 

b) by stabilising the cation network (which relieves internal strain), either 
distorting the network (like undersized trivalent dopants), dilating the network (in 
the case of oversized tetravalent dopants, like Ce4+) or creating a strong cation-O 
bond (in the case of undersized tetravalent dopants). 

For divalent dopants, the mechanism is expected to be similar than that for 
trivalent cations, that is, by oxygen vacancies generation and consequent release of 
lattice stresses. 

A deep study of the stabilisation effect of aliovalent dopants on zirconia can 
be found on [46,51] and [52]. It has also been observed that the unit-cell parameters and 
volume increase not only with an increase of cation radius but also with the dopant 
charge [53]. 

Yttria 

The most common dopant to stabilise the tetragonal phase in zirconia is 
yttria, generally with a 3% molar content (known as 3Y-TZP). 

The zirconia-yttria phase diagram has been refined many times since it was 
introduced first in 1951 by Duwez et al. [54]; some of them showed in Figure 1.4. The 
reason is that for reaching equilibrium, transformations need long times because of 
the slow cation diffusion in zirconia below 1500 ºC: it is estimated that at this 
sintering temperature, commonly used, several weeks are needed to achieve 
compositional homogeneity of a 3 µm grain size material [29]. 
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Figure 1.4 Zirconia-yttria phase diagram evolution. (a) Original diagram by Duwez 
in 1951 [54], (b) a revision proposed by Scott in 1975 [55], (c) a recent diagram, and 
(d) the metastable diagram [29]. 

Also, the martensitic transformation has further complicated the location of 
phase boundaries, and that produced obvious disagreements, as showed by Yashima 
et al. [56]. Most recent studies combine experimental and computational data [57–61], 
but there are still some uncertainties, especially in the tetragonal boundary, due to 
the exceptionally slow diffusion of yttria [29]. 

As the phase diagrams show the phases present in thermodynamic 
equilibrium and the tetragonal phase is not thermodynamically stable at room 
temperature, it is of importance to represent a metastable phase diagram showing 
the t→m transformation temperature (T0t→m, also known as martensitic start 



1.2 STABILISATION 

13 

temperature, Ms), below which tetragonal phase is metastable after a non-
equilibrium cooling, as seen in dotted lines in Figure 1.4d. The importance of this 
temperature on the mechanical properties and aging behaviour will be addressed in 
the next section 1.2.2. 

Compositions with 2.5–3 mol% Y2O3 are the most typically used for 
commercial TZP ceramics, generally fabricated from coprecipitated powders. At 
sintering temperature (typically 1400–1500 ºC), this range composition is either in 
the tetragonal field, close to the cubic one, or in the t+c field. Thus, these 
compositions usually contain around 60–100% of tetragonal phase of 
submicrometric equiaxed grain size, being cubic the remaining with larger grains [3]. 

Ceria 

Ceria is also a common dopant for zirconia stabilisation. The main 
difference with the ZrO2-Y2O3 phase diagram is the wider tetragonal field, as seen in 
Figure 1.5, which allows stabilization of the tetragonal phase over a wide range of 
compositions, around 10–16 mol%, being the most common 12 mol% CeO2 (known 
as 12Ce-TZP). 

 
Figure 1.5 Zirconia-ceria phase diagram (redrawn by [29] from [56]). 
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As-sintered microstructures are similar to those obtained with yttria but 
with larger tetragonal grain size (1.5–3 µm), which is partly due to the need of higher 
sintering temperatures and/or longer times for full densification. 

As seen previously in this section, Ce4+ cations stabilise by dilating the 
network and not by inducing oxygen vacancies, and this will have an important 
impact on the low-temperature degradation behaviour. This will be addressed in 
more detail in section 1.3.1. 

Magnesia 

Magnesia is typically used in the range 8–10 mol% to produce partially-
stabilised zirconia (Mg-PSZ), consisting in a cubic matrix with embedded tetragonal 
precipitates. 

These compositions typically require complex high sintering temperatures 
(in the cubic single-phase boundary) and complex heat treatments to develop the 
tetragonal precipitates, with the consequence of coarse microstructure, with grains 
of 30–60 µm. 

Compositions below 8 mol% are not commonly used due their need of 
higher solid-solution temperatures (see Figure 1.6), and the precipitates formation  
 

 
Figure 1.6 Zirconia-magnesia phase diagram. The shaded area corresponds to the 
most commonly used compositions, and the arrows indicate the favoured 
annealing temperatures (adapted by [3] from [62]). 
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needs a high control of temperature, while with amounts higher than 10 mol% the 
tetragonal particles are not transformable enough to take advantage of the 
transformation toughening [3]. Transformation toughening will be discussed in detail 
in the next section 1.2.2. 

Calcia 

Along with magnesia, calcia was one of the first stabilisers used in zirconia. 
The first experimental phase diagram was developed in 1929 by Ruff, where they 
discovered the intermediate CaZrO3 compound [6]. These compounds have a high 
melting point, which makes them suitable for high refractory applications [9]. The 
phase diagram for the CaO-poor region can be seen in Figure 1.7. 

Further recent investigations discovered other two intermediate 
compounds at high temperature with >18 mol% CaO contents: CaZr4O9 (�1) with 
monoclinic structure and an hexagonal-ordered phase Ca6Zr19O44 (�2), and their 
stability has been discussed [63–69]. 

 
Figure 1.7 Zirconia-calcia phase diagram (adapted from [64]). 
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Although calcia is more commonly used for producing PSZ, it can also be 
used as a stabiliser for TZP ceramics [70]. The fabrication of Ca-PSZ also involves 
high temperatures and heat treatments similar to Mg-PSZ. 

1.2.2 Tetragonal-to-monoclinic 
transformation 

The high fracture toughness of zirconia ceramics is mainly achieved thanks 
to phase transformation toughening, discovered in 1975 by Garvie et al. [13] (more 
details on toughening mechanisms are given in section 1.5.4). Subbarao et al. 
published in 1974 an extensive review about the state-of-the-art of zirconia 
transformation that led to the discovery of transformation toughened ceramics [4]. 

The transformation of the metastable tetragonal to monoclinic phase 
involves a volume expansion of ~4%, which produces internal stresses and may 
induce microcracking. The resulting compressive stresses around the transformed 
area and the energy spent for the transformation and the microcracking can enhance 
the fracture toughness of the material when occurs at the crack tip. This 
transformation is diffusionless, i.e. martensitic, reversible, and can be triggered by 
both external and internal stresses. 

The martensitic nature of the tetragonal-to-monoclinic (t→m) 
transformation was suggested in 1963 by Wolten [10], and, about the same time, Bailey 
[71] reported for the first time the appearance of twins in the resulting monoclinic 
phase. 

 
Figure 1.8 Steps of the tetragonal (t) to monoclinic (m) phase transformation. (a) 
Single metastable t phase. (b) First m martensite plate nucleation, which is followed 
by (c) a second plate, with an opposite shear strain direction than the first m variant. 
(d) This process is repeated successively to accommodate the shear strain [3]. 
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The transformation follows the sequence illustrated in Figure 1.8.The first 
step of the transformation is the nucleation and growth of a martensite plate of 
monoclinic phase through a habit plane (see Figure 1.9), which involves a positive 
volumetric and shear strains that generates opposing stresses in the untransformed 
surrounding material. Those opposite stresses may induce the formation of another 
martensite plate (nucleated at the stress concentration regions, which use to be at the 
end of the previous variant) with a habit plane close to that of the original martensite 
plate and with an opposite shear strain direction. Thus, the transformation is 
autocatalytic and those pairs of martensite plates will result in a positive volumetric 
strain and zero shear strain. This is known as the formation of self-accommodating 
martensite variants [72]. 

As the volumetric strain cannot be accommodated, this will result in internal 
stresses which may induce new nucleation points of martensite plates, 
microcracking or an effective dilatation of the material. 

When this transformation occurs at a free surface it produces a pyramidal 
relief in the material, as it can be appreciated in Figure 1.10. 

 
Figure 1.9 Schematic illustration of a martensitic plate (monoclinic) formed in a 
parent phase (tetragonal) through a habit plane [29]. 
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a) 

 

b) 

 

Figure 1.10 (a) Schematic view of a surface relief produced by a pair of martensite 
variants [73] and (b) AFM image (3D-view) of a surface uplift produced by the t→m 
transformation [74]. 

Considering a spherical tetragonal particle embedded within a matrix and a 
spontaneous and uniform transformation along the whole particle, Lange [75] 
described the change of total free energy (∆Gt→m) due to the tetragonal to monoclinic 
transformation by: 

∆ → ∆ ∆ ∆  1.2 

where ∆GC (< 0 at temperatures below the transformation temperature 
T0t→m) is the change in chemical free energy between the tetragonal and monoclinic 
phases, dependent on temperature and composition; ∆USE (> 0) is the change in strain 
energy associated with the transformed monoclinic particles and surrounding 
tetragonal phase, and it is dependent on the surrounding matrix, the size and shape 
of the particle and the presence of stresses; and ∆US (> 0) is the change in energy 
associated with the surface of the particle, corresponding to the creation of new 
interfaces. 

Being the condition for the t→m transformation to occur that: 

∆ → 0 1.3 

Therefore, when: 

|∆ | ∆ ∆  1.4 
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The addition of stabilisers decreases the driving force of the t→m 
transformation by a decrease of |∆GC| and an increase of ∆USE, and hence its 
transformation temperature T0t→m also decreases (see Figure 1.4d and Figure 1.5). 

The presence of external or internal tensile stresses will reduce ∆USE and 
therefore increase the driving force of the transformation, destabilising the 
tetragonal phase [28,76]. 

Transformation toughening 

Thus, t→m transformation can be stress-induced, which means that it can be 
triggered at high stress concentration regions, like in front of the tip of a crack. 

The tensile stresses in front of a crack can induce the t→m transformation in 
the vicinity of the crack tip. The volume expansion associated to the transformation 
will induce in the surrounding elastic material a reaction compressive stress on the 
transformed region. Thus, this compressive stress will tend to hinder the crack 
propagation, increasing the fracture toughness (KIc) as the crack advances, as 
depicted in Figure 1.11 [3,77,78]. 

A deep review about transformation toughening of zirconia ceramics can be 
found in Hannink et al. [3]. 

 
Figure 1.11 Schematic view of transformation zones and toughness increments 
(∆Kc) development with different crack extensions (from [79] after [80]). 
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Transformation temperature 

As seen in section 1.2.1, the metastability of the tetragonal phase is 
proportional to the undercooling below the martensitic t→m transformation 
temperature (T0t→m or Ms). If T0 is too low, the tetragonal and not the monoclinic 
phase will be “stable”, being the transformation toughening ineffective. On the other 
hand, if it is too high, the thermodynamic driving force for the transformation will 
be also high and the tetragonal phase will spontaneously transform to monoclinic 
upon cooling [29]. Typically, a T0 of about ~400 ºC offers a highly transformable 
metastable tetragonal phase at room temperature. 

As can be seen on the metastable phase diagram (see for example Figure 1.4d 
and Figure 1.5 as dashed lines), the addition of stabilisers will lower T0 of a given 
composition, resulting in a tetragonal phase with high stability and low tetragonality. 
The transformation temperature T0 also decreases with a decreasing grain size [81]. 

Critical grain size 

Therefore, there is a critical grain size above which t→m transformation can 
occur [25,82–85]. This was first theorised by Garvie in 1965 [11], observing a critical 
crystallite size below which tetragonal phase was metastable at room temperature. 
Controlling the crystallite size on powder fabrication led to the production of fine-
grained metastable tetragonal phase. 

Below this critical tetragonal grain size, no transformation is 
thermodynamically or kinetically possible, and this explains the lower fracture 
 

 
Figure 1.12 Critical tetragonal grain size as function of Y2O3 content (from [25] 
after [84]). 
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Below this critical tetragonal grain size, no transformation is 
thermodynamically or kinetically possible, and this explains the lower fracture 
toughness of nanosized zirconia ceramics [86,87]. However, if the grain size is too big, 
spontaneous transformation can occur after sintering during cooling, being the 
grains unable to retain the tetragonal crystal structure at room temperature. 

As higher stabiliser contents decrease the transformation driving force and 
consequently the transformation temperature, the critical grain size for 
transformation increases, as can be seen in Figure 1.12 for the case of Y2O3 as 
stabiliser [84]. 

Cubic-to-tetragonal transformation 

As the stress-induced transformation in zirconia is achieved by the 
metastability of the tetragonal phase, it is expected to decrease with increasing 
temperature and disappear above ~900 ºC in Y-TZP (see Figure 1.4), as there is no 
driving force for the t→m transformation [88–90]. However, high strength and 
toughness at temperatures up to 1500 ºC have been observed in Y-PSZ, much higher 
than those of Y-CSZ (in cubic form), even though no monoclinic was found on the 
fracture surfaces [83,89,91,92]. 

Michel et al. [89] and later Virkar and Matsumoto [90] proposed the 
phenomenon of ferroelasticity to explain the high toughness found in tetragonal 
zirconia at high temperatures; however it is still not completely understood. The 
reorientation of ferroelastic domains by externally applied stress was first observed 
in Ce-TZP [90] and later in Y-TZP [93], and present a hysteresis loop, analogous to 
ferroelectric and ferromagnetic materials, as seen in Figure 1.13. The area enclosed  
 

 
Figure 1.13 Hysteresis loops for (A) ferromagnetic, (B) ferroelectric, and (C) 
ferroelastic materials. The shaded area in (C) is the energy absorbed in 
reorientation of domains during fracture [90]. 
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by the loop corresponds to the mechanical energy dissipated in reorientation of 
domains when a tension higher than a coercive stress (σc) is applied [90]. 

This ferroelastic toughening is possible in tetragonal grains (t’) produced by 
an invariant displacive reaction from cubic phase, typically by rapid cooling from the 
stability range of cubic zirconia (≥ 2100 ºC). These tetragonal-prime grains contain 
a higher yttrium content and have lower tetragonality than regular tetragonal phase 
obtained in (semi-) equilibrium by diffusive processes [94,95]. 

Since the tetragonal crystal structure is a distorted fluorite type (a=c), when 
this non-stoichiometric cubic-to-tetragonal transformation occur, as two variants 
with their c-axes lying on the same plane are possible on three different orthogonal 
directions, there are six different equiprobable and crystallographically equivalent 
orientations possible of the c-axis in the new-formed tetragonal grain, as seen in 
Figure 1.14, forming a polydomain structure [96]. Each of these variants has the same 
energy and can re-orient when a stress above σc is applied, transforming the c-axis 
into an a-axis and vice versa, rotating 90º [29,89,90]. 

Thus, these domains can switch to a different orientation by the application 
of external stresses or in the presence of a propagating crack, and it is believed to 
contribute to toughening, even though these tetragonal-prime grains do not show 
any tetragonal-to-monoclinic transformation [29,90]. Unlike in transformation 
toughening, this toughening effect is related to the change from one equilibrium 
state, or variant, to another equilibrium state. 

 
Figure 1.14 Representation of all six possible orientations of c-axis in a polydomain 
basic cell. The arrows indicate the directions of c-axes [96]. 
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1.2.3 Low-temperature 
degradation (LTD) 

As stated before, even though the t→m transformation can produce a 
toughening effect when it occurs in front of the tip of an advancing crack (stress-
induced transformation, as seen in previous section 1.2.2), it can also occur 
spontaneously in aqueous environments (water-assisted transformation), known as 
ageing or low-temperature degradation (LTD), which is the main issue concerning 
zirconia ceramics as structural material and in biomedical applications. 

The degradation of the surface in contact with water is a complex process 
that leads to surface roughening, micro- and macro-cracking, grain pull-out and the 
consequent loss of mechanical properties. 

It was first observed in 1981 by Kobayashi et al. [20] and it is well-
documented in the literature [24,26,27,31,97–102]. It is known that is produced by the 
diffusion of water-derived species in the material, however the details of the 
mechanism are not yet fully understood. 

The experimental observations on LTD were summarised in 1988 by 
Yoshimura [31] as follows: 

· The degradation is time-dependent and proceeds most rapidly at 
temperatures of 200–300 ºC. 

· The degradation is caused by microcracking produced by the t→m 
transformation. 

· The transformation proceeds from the surface to the bulk of the material. 

· Water or water vapour enhances the transformation [103]. 

· The transformation can be retarded by decreasing the grain size or 
increasing the stabiliser content. 

There are diverging theories for explaining the water-assisted degradation 
[104]. The most accepted present explanation is that the transformation occurs due to 
the reduction of vacancies associated with the penetration of water radicals (OH-) 
inside the zirconia lattice, where oxygen from OH- is placed on vacancy sites and 
hydrogen is located on an adjacent interstitial site, producing a lattice contraction 
that leads to the formation of tensile stresses in the surrounding network, as can be 
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depicted in Figure 1.15. This, added to the increase of oxygen overcrowding 
destabilise the t phase [97–99,105]. 

Due to the oxygen vacancies introduced by a trivalent cation such as Y3+ (see 
Equation 1.1), the diffusion of water radicals is easier in Y-TZP than in zirconia with 
other tetravalent dopants (like Ce-TZP), which explains the poorer LTD resistance 
of Y-TZP ceramics [105]. 

 
Figure 1.15 First steps of LTD in Y-TZP: (a) Diffusion of water species via oxygen 
vacancies and (b) the resulting variation of lattice parameters [29]. 

During LTD, the t→m transformation starts in the near-surface and it grows 
progressively deeper inside the bulk material, creating a transformed and 
microcracked surface layer of a few or even hundreds of microns. Mainly, these 
microcracks are located in the grain boundary to accommodate the shear stress 
produced by the first martensite plate, following the mechanism described in Figure 
1.16 [106]. 

Experimental observations indicate that the kinetics of LTD can be fitted to 
the standard Mehl-Avrami-Johnson (MAJ) equations for a nucleation and growth 
process (see Figure 1.18) [107]: 

1  1.5 

where f is the transformation fraction, t is the time, b is the kinematic 
parameter that describes the rate of nucleation and growth and is dependent on the 
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temperature, and n is the Avrami exponent, a constant related to the geometry of the 
transformation [26]. 

It appears that the rate at which the transformation progresses below the 
surface is initially linear with time and dependent on temperature [25,108–110]. 

The transformation kinetics are often plotted in a time-temperature 
transformation curves (TTT), as shown in Figure 1.17. As it can be observed, even 
though the hydrothermal degradation is accelerated at temperatures around 200–
300 ºC, it can also occur at room and body temperature (37 ºC) in humid 
environments with much longer times [110], where the kinetics (b) follow an Arrhenius 
dependence: 

exp  1.6 

where b0 is a constant, Q is an apparent activation energy, R is the universal 
gas constant, and T is the absolute temperature. The apparent activation energy for 
the degradation of different zirconia ceramics ranges from ~70–108 kJ/mol [17,26,111–

118], values similar to the activation energy for oxygen vacancy diffusion extrapolated 
from higher temperatures (88–100 kJ/mol) [112,119–123]. 

 
Figure 1.16 Process of microcracking and monoclinic phase propagation process: 
(a) in a grain boundary inside the material and (b) in the surface [106]. 
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Figure 1.17 Time-temperature-transformation curve of a 2.8 mol% yttria-
stabilised zirconia [124]. 

This behaviour cannot be explained by diffusion alone, but for the driving 
force associated to the difference between the temperature which the zirconia is 
exposed and the transformation temperature T0t→m. Thus, although the diffusional 
flux of water species may increase with yttria concentration (and other divalent or 
trivalent dopants) because of the higher content of vacancies, the transformation 
temperature decreases and therefore the tendency to transform [29]. 

The ageing resistance of zirconia-based materials is typically simulated in an 
autoclave under water vapour at 134 ºC with an associated pressure of ~2 bar, as this 
was the most common standard sterilisation procedure [125,126]. It is commonly 
accepted that 1h in autoclave in those conditions is equivalent to 3–4 years exposure 
in vivo [127], although that is only a rough estimation [110,117]. A comparison of the 
different techniques for the determination of hydrothermal degradation sensitivity 
in zirconia can be found in [128]. 

There is a high variability in the zirconia sensitivity to LTD, which seems to 
be associated to the influence of the microstructure and processing conditions, 
besides the type of stabilising dopant. Composition, homogeneity, density and pore 
distribution, the presence of cubic phase, residual stresses induced during 
fabrication, grain size, surface finish and sintering conditions, all of them have a 
strong effect on LTD [24,29,100,129,130]. 
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Figure 1.18 Kinetics of LTD of zirconia stabilised with 10 mol% of ceria (10Ce-
TZP), with 3 mol% of yttria (3Y-TZP), magnesium partially stabilised zirconia (Mg-
PSZ), alumina-toughened zirconia (A80Z3Y) and zirconia-toughened alumina 
(A10Z0Y) measured at 134 ºC on the bottom X-axis and expected at 37 ºC on the 
top. The shadowed areas give uncertainty ranges when they can be evaluated [29]. 

As seen in the phase diagrams (see Figure 1.4d and Figure 1.5), 3Y-TZP and 
10Ce-TZP have a similar T0, implying a similar driving force for the t→m 
transformation temperature. However, they exhibit different LTD kinetics, as seen 
in Figure 1.18. This can be explained by the different stabilising mechanisms (see 
section 1.2.1). 

As stated before, trivalent ions such as yttrium stabilise the tetragonal phase 
by creating oxygen vacancies (see Equation 1.1). These oxygen vacancies act as a 
pathway for the water radicals to diffuse in the lattice, generating stresses that 
destabilise the tetragonal phase, triggering the spontaneous t→m transformation [97–

99]. This has been observed as oxygen vacancies annihilation during hydrothermal 
ageing [104]. Thus, LTD is more susceptible in materials that are stabilised by 
generation of oxygen vacancies: as can be seen in Figure 1.18, the ageing resistance 
of 10Ce-TZP is much higher than 3Y-TZP. Even though, Ce-TZP still presents 
certain slow ageing, that can be explained by the partial presence of Ce3+ ions (by 
reduction from Ce4+) and their associated oxygen vacancies [29]. 
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Therefore, there are a critical minimum and maximum oxygen vacancy 
concentrations for the range of stability of cubic, tetragonal and monoclinic phases 
[131], to such a degree that not only tetragonal phase is susceptible to hydrothermal 
degradation, as it has been observed that cubic phase is also able to spontaneously 
transform to monoclinic after exposure times of several years in autoclave [132]. 

Space-charge layer 

Due to their disordered nature, the grain boundaries may carry an electric 
potential through the presence of excess ions of one sign, which is compensated by 
an adjacent space-charge layer with a potential of the opposite sign [133], as depicted 
in Figure 1.19. 

In zirconia and in most ionic crystals, the potential on the grain boundaries 
is determined by the charge of the aliovalent dopant and impurities. This potential 
will affect the segregation of solutes to the grain boundary, causing a lattice-defect 
(such as vacancies) concentration or depletion in the space-charge layers, which will 
change the grain boundary electrical resistivity [99,133–136]. 

This accumulation or decrease of vacancies in the grain boundaries also 
dictates the LTD resistance of the material. In general, most acceptor-doped  
 

 
Figure 1.19 Defect distributions in the grain boundary interfaces and the space-
charge layers of YSZ [133]. 
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zirconias consist in a positively charged grain boundary and a negative space charge 
layer due to the enrichment of oxygen vacancies in the grain boundaries and their 
depletion in the adjacent space-charge layers [104,133,136–138]. The reduction of 
vacancies in the space-charge layer makes the grain boundary more vulnerable to be 
destabilised by water radicals [98], which explains the intergranular cracks produced 
by hydrothermal ageing and the different ageing response by different stabilisers. 

Therefore, as degradation can be explained by oxygen vacancies 
annihilation, increasing the vacancy concentration in the space-charge layer is a 
method to improve LTD resistance. This can be influenced by the amount of dopant 
(as more vacancies will be present in the space-charge layer), the grain size (the 
concentration increases with decreasing grain size [138]) and the segregation of 
impurities or solutes [134,139]. This will be discussed in more detail in next section 1.3. 

1.3 Improving LTD 
resistance 

Besides a better control of the fabrication process, different methods have 
been proposed to reduce and/or avoid LTD in TZP-based materials [24,29,100,130]. 

Even following ISO standards [140], a strong variability of LTD resistance in 
vivo has been found [24]. A revision of the standard ISO 13356 was made in 2008 [140], 
however, a better understanding of LTD process is needed to achieve reliability in 
terms of LTD for long-term biomedical parts [24]. 

In general terms, the method to improve the ageing resistance of zirconia 
ceramics consists on increasing the stability of the tetragonal phase. This can be 
achieved in different ways: 

Stabiliser type 

The different stabilising mechanisms related to different dopants (see 
section 1.2.1) also affect the aging response. The lack of vacancies of tetravalent 
dopants such as CeO2 makes them highly resistant to LTD. Using CeO2, for example, 
instead of Y2O3 contributes to drastically change the degradation kinetics and 
drastically increase the aging resistance (see Figure 1.18) [141]. This will be addressed 
in more detail in the next section 1.3.1. 
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Moreover, using more than one stabiliser can also offer balanced properties. 
For instance, co-doping zirconia with both yttria and ceria may increase the 
stabilisation of the tetragonal phase and therefore the ageing resistance, but also 
affect the grain size and mechanical properties [142–151]. This topic will be discussed 
in sections 1.3.1 and 1.4.1. 

Also, small amounts of certain oxides can segregate to the grain boundaries, 
modifying the vacancy distribution in the space-charge layer and therefore affecting 
the ageing resistance [118,152,153]. Grain boundary segregation will be treated in section 
1.3.2. 

Stabiliser content 

An increase of dopant content reduces the tetragonality and increases the 
stability of the tetragonal phase, being less transformable and susceptible to ageing 
[83,103,154], as it can be seen in Figure 1.20. Therefore, higher dopant contents decrease 
the transformation temperature (T0t→m or Ms) and increase the critical particle size 
for phase transformation, below which no transformation can occur. 

As expected from the phase diagrams (see section 1.2.1) more cubic phase is 
formed with increasing amount of dopant [155,156], which is considered resistant to 
hydrothermal degradation (although it has been observed that cubic phase is also 
susceptible to degradation after very long exposure times [132]). However, an increase 
of cubic phase content leads to a decrease of fracture toughness and strength, as  
 

 
Figure 1.20 Phase transformation dependence on yttria content for TZPs with 
grain size of ~0.4 µm aged in air at 300 ºC (from [25] after [83]). 
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transformation toughening only occurs on metastable tetragonal phase. Also, the 
formation of cubic phase, richer in stabiliser, can impoverish the surrounding 
tetragonal grains, making them more susceptible to LTD [129]. 

Grain size 

As stated before (see section 1.2.2), there is a critical grain size below which 
transformation does not occur [25,82–85], whose size increases with higher dopant 
content (see Figure 1.12). Also, a higher dopant content increases both the grain size 
and the volume fraction of the cubic phase, with tetragonal grains retaining 
approximately the same size [84]. However, as a decrease in grain size also decreases 
the driving force for the t→m transformation, it also leads to a decrease in fracture 
toughness. [157,158]. 

 
Figure 1.21 Grain size dependence (from [25] after [83]). 

Stress 

As seen in Equation 1.2, the change in strain energy is partly dependent on 
the presence of internal or external stresses. Therefore, tensile stresses will increase 
the driving force of the transformation, while compressive stresses will hinder the 
transformation [28,76,100,105,159]. Thus, surface treatments that generate compressive 
stresses, such as sandblasting, grinding or rough polishing, increase the ageing 
resistance [100,160–163] although making the surface not suitable for wear applications. 
Fine polishing, however, can also lead to tensile stresses that act as nucleation points 
for LTD [100]. 
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Processing 

A good control of all the processing steps is not only necessary to achieve 
finer enough powders to retain the tetragonal phase, but also to obtain a good ageing 
resistance, as the stability of the tetragonal phase depends, among other things, on 
the density [82]. For example, impurities, defects and inhomogeneities in phase 
distribution (which may lead to local depletion of stabiliser content) act as nucleation 
points for the transformation; and open porosity and cracks increase the surface in 
contact with water species, acting as a pathway to access the bulk of the material 
[164,165]. 

1.3.1 Ceria-stabilised zirconia 
According to the phase diagram (see Figure 1.5), tetragonal zirconia 

stabilised with 10 mol% ceria (10Ce-TZP) has almost the same T0 (t/m) temperature 
(~400 ºC) than 3Y-TZP (Figure 1.4d), implying that the driving force for t→m 
transformation is almost the same [29]. However, as showed in Figure 1.18, 10Ce-TZP 
is far more resistant to LTD, which indicates that even if 3Y-TZP and 10Ce-TZP 
have the same driving force for t→m transformation, they can exhibit very different 
LTD kinetics. 

The effect of ceria into the zirconia network is explained in section 1.2.1. 
Instead of creating oxygen vacancies, like yttria, the higher size of Ce4+ creates a 
dilation of the lattice, decreasing oxygen overcrowding around zirconium atoms and 
improving the stability of tetragonal phase [51]. 

Due to the tetravalent nature of Ce4+, vacancies are not created for charge 
compensation when stabilising with ceria. As the mechanism of LTD is related to 
oxygen vacancy annihilation by the penetration of OH- ions, this could explain the 
higher resistance of Ce-TZP to LTD. However, even without vacancies, LTD still 
occurs at much slower kinetics, so the effect is not fully understood. One possible 
explanation is that the native thermal oxygen vacancies present at sintering 
temperature are still retained at lower temperature. Another possibility is that there 
is a small amount of Ce3+ ions producing vacancies [29]. 

Ce4+ ions are able to reduce to Ce3+ in reduced partial oxygen pressure 
conditions and sintered in different atmospheres due to an oxygen deficiency. This 
change of oxidation state is typically accompanied by a change of colour [166–174]. 
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Besides the higher ageing resistance, ceria-stabilised zirconia also generally 
offers higher fracture toughness, but lower strength, mainly because of its higher 
grain size [175–177]. 

Dense Ce-TZP ceramics containing about 7 to 16 mol% CeO2 and with 
different grain sizes were fabricated and evaluated in terms of hardness, strength and 
fracture toughness by Tsukuma and Shimada in 1985 [175]. They found a high fracture 
toughness, but also low hardness and fracture strength, which was associated to the 
relatively large micrometre grain size and high transformability under stress of the 
metastable tetragonal phase. Even though nowadays it is possible to produce ceria-
stabilised zirconia materials with finer grain size due to a better control and process 
of the powders, they are typically substantially larger than 3Y-TZP. 

Several studies have been addressed to achieve a combination of Y-TZP and 
Ce-TZP properties by doping with both ceria and yttria. The partial substitution of 
ceria by yttria in ceria-doped zirconia resulted in a reduced grain size with respect 
to a Ce-TZP and in a more stabilised tetragonal structure, which decreased fracture 
toughness but increased hardness and LTD resistance [142–144,146,147,149]. 

Another strategy was proposed by Zhao et al. [178], who studied a 
functionally-graded material (FGM), which composition varies from a fully Ce-TZP 
to Y-TZP, together with their LTD resistance and mechanical properties. As LTD 
starts from the surface, a graded distribution of Ce-TZP from the surface can avoid 
LTD, while keeping the mechanical properties of the bulk. In that sense, Marro et al. 
[179] coated 3Y-TZP samples pressing cerium oxide powder or depositing a very thin 
layer of cerium and modifying the surface by allowing diffusion of cerium to depth 
less than 1 µm by high temperature heat treatment. Camposilvan et al. [180] also 
modified the surface of 3Y-TZP impregnating pre-sintered samples in a solution 
containing cerium, improving LTD resistance without losing mechanical properties. 

1.3.2 Grain boundary 
segregation 

As stated above, it has been reported that small amounts of certain oxides 
may segregate to the grain boundaries, affecting their electric potential and varying 
the vacancy distribution in the space-charge layer [134,139], which will affect the ageing 
response of the material. 
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For instance, it has been reported that small amounts of homogeneously 
distributed alumina (less than 0.5 wt%) in yttria-stabilised zirconia will increase the 
conductivity of the grain boundary due to an oxygen vacancy enrichment in the 
space-charge layer, resulting also in a better LTD resistance [21,116,134,135,152,181]. 
Recent studies suggest that the ageing resistance can be enhanced even more by the 
addition of small amounts of both alumina and lanthania [153,182] or alumina and 
germania [183] in 3Y-TZP. 

The segregation of different elements on yttria-stabilised zirconia and their 
influence in the ageing resistance has been studied recently [153]. It has been 
concluded that the segregation on the grain boundaries is related to the cation 
valence and radius of the solute. Larger oversized cations (such as La3+ or Nd3+) as 
well as smaller undersized trivalent cation dopants (like Al3+), respect to the Zr4+, (see 
Table 1.2 for the effective radii of some solutes) exhibit a strong segregation, as can 
be seen in Figure 1.22. On the contrary, cations with similar size to Zr4+ (such as Sc3+) 
do not show any segregation or enhancement of LTD resistance. It has also been 
observed that hydrothermal stability increases with increasing cation size [118,153]. 

 
Figure 1.22 HAADF-STEM images and STEM-EDS elemental maps and 
distribution of 3Y-TZPs doped with 0.3 mol% Al2O3 and 0.4 mol% Sc2O3, Nd2O3 
and La2O3. The spheres represent qualitatively the size of the dopant cations, Al3+, 
Sc3+, Nd3+ and La3+, respect to the Zr4+ host cation [118]. 
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1.4 Improving mechanical 
properties 

As seen previously, ceria-stabilised zirconia ceramics are characterised by a 
high hydrothermal stability and fracture toughness, but lower strength and hardness 
than Y-TZP, partly due to its larger grain size [146,175–177]. 

According to the studies of Tsukuma and Shimada [175], 10-12 mol% of ceria 
is the optimal concentration in terms of fracture strength. The presence of other 
stabilisers, like yttria, also affects the optimum concentration (see Figure 1.23), as 
well as the grain size, density, and transformability [142–151]. 

 
Figure 1.23 Relationship of yttria and ceria composition and a) fracture toughness 
and b) bending strength [147]. 
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The larger grain size of ceria-stabilised zirconia compared with 3Y-TZP is 
in part explained by the need of higher sintering temperatures and/or longer times 
for full densification. The grain growth of Ce-TZP at low temperatures is slow due 
to the slow diffusion kinetics of Ce3+/4+ (compared to Y3+), requiring higher sintering 
temperatures, producing a larger and broader grain size distribution due to the 
absence of an effective grain-growth retarding mechanism as it occurs in 3Y-TZP 
[146]. 

As the mechanical properties strongly depend on the grain size, it is expected 
that limiting the grain growth during sintering will have an impact on the strength, 
hardness and transformability of Ce-TZP. In principle, this can be achieved by the 
addition of specific solutes which might segregate to the grain boundaries during 
sintering, reducing their mobility by a solute drag mechanism [146,184,185]. 

1.4.1 Grain size refinement 
One of the first studies dealing with the influence of different oxides on the 

grain size of 3Y-TZP was carried out by Sato et al. [142]. They co-doped 3Y-TZP with 
0-12 mol% of either CaO, MgO, CeO2 or TiO2 revealing that alloying with TiO2 
accelerated the grain growth and suppressed densification, but alloying with less 
than 6 mol% of CeO2 caused no significant changes in grain size. CaO was the most 
effective oxide in reducing the tetragonal grain size, and cubic zirconia phase was 
already detected with only 2 mol% CaO addition [142]. In 12Ce-TZP, CaO was also 
found to reduce grain growth and increase fracture strength and stability of the 
tetragonal phase [177,186]. 

In acceptor-doped zirconia (i.e. stabilised with dopants with a lower valence 
than Zr4+), oxygen vacancy diffusion is much faster than cation diffusion, so that 
grain boundary mobility is controlled by cation solutes [186]. Therefore, the resistance 
to grain boundary mobility is related to the segregation of these ions at the grain 
boundaries. It increases with a higher solute concentration and a larger valence and 
radius difference between the solute and the host cation [186–188] (see Table 1.2 for the 
effective radii of some oxides). 

Since most stabilised zirconia are characterised by positively charged grain 
boundaries [104,133,136–138], only cations with a negative effective charge are attracted 
to the lattice discontinuities as a space charge. Therefore, only divalent and trivalent 
cations (such as Y3+ and Ca2+) segregate to the grain boundary, but tetravalent and 
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pentavalent cations (like Ce4+ and Nb5+) do not, and therefore they have no effect in 
reducing grain growth [177,186,189]. 

Furthermore, beside the effective charge of the dopants controlling grain 
boundary mobility, it is secondly controlled by the lattice diffusivity of the dopants. 
Thus, the slower diffusivity of larger cations makes them more effective on dragging 
grain boundary mobility [186]. 

1.4.2 Composites 
As a different strategy, second-phase hard particles, typically alumina, are 

often used to obtain better LTD resistance and mechanical properties [190–192]. 

In particular, nano-composites (with grain sizes below a few hundred 
nanometers) consisting of zirconia and alumina, aluminates (including spinels), 
titanates or niobates offer a good combination of high strength, toughness and ageing 
resistance [193–201]. 

The morphology of the second-phase particles has a strong effect on 
mechanical properties of the composite. While rounded-shaped particles retain grain 
growth, increasing fracture strength, elongated particles increase fracture toughness 
through bridging or crack-deflection mechanisms [202]. 

Besides second-phase particles reinforcement, ceramic composites with a 
layered structure are another way to improve the mechanical properties, increasing 
fracture toughness and showing a non-catastrophic failure behaviour [203]. 
Particularly, alumina/zirconia layered structure has been deeply studied [204–206]. 

Since the Prozyr® incident [23], manufacturers have tried different 
alternatives to monolithic zirconia. Zirconia/alumina particle composites have 
become the most successful materials for prostheses, being commercialised by 
several companies. 

Based on the majority phase, these composites can be divided in two main 
groups. When the main phase is zirconia, the composites are called alumina-
toughened zirconia (ATZ) and when the main phase is alumina, they are known as 
zirconia-toughened alumina (ZTA). In both cases, the secondary phase is in the form 
of particles. 
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Alumina-toughened zirconia (ATZ) 

Small amounts of alumina on TZP modifies the grain boundaries, suppress 
grain growth, enhance LTD resistance and increase the hardness, strength and 
fracture toughness of TZP materials [111,112,192,207–209]. 

Due to the very limited solubility of alumina (below 0.5 wt%), only a small 
amount can be dissolved in the zirconia grains, which increases LTD resistance, as 
seen in section 1.3.2. Higher amounts will form secondary Al2O3 phase grains in the 
triple points of zirconia grains, which will produce a pinning effect on the grain 
boundaries, resulting in a reduced grain size. However, since the thermal expansion 
coefficient of zirconia is higher than that of alumina, the alumina particles are 
subjected to compression and produce a net hydrostatic tensile stress into the 
zirconia matrix, enhancing the t→m transformation. This slightly decreases LTD 
resistance but it is still higher than that of 3Y-TZP without alumina, as seen in Figure 
1.24 [29,116]. 

 
Figure 1.24 Surface monoclinic phase content as a function of hydrothermal testing 
time at 134 ºC for 2Y-TZP with different amounts of alumina [116]. 

Zirconia-toughened alumina (ZTA) 

These composites consist in dispersed tetragonal zirconia particles 
embedded inside an alumina matrix. Even though these particles are also subjected 
to tensile stresses due to the thermal expansion mismatch like in ATZ composites, 
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the higher stiffness of alumina matrix increases the value of the strain energy of the 
particles (∆USE in Equation 1.2, see section 1.2.3), which depends on the elastic 
modulus of the surrounding matrix, and thus stabilising the tetragonal phase and 
hindering the transformation [29,207]. 

Moreover, if the zirconia particles do not form a continuous phase (below 
the percolation threshold, estimated to be ~16 vol.% [210], as seen in Figure 1.25), there 
is not a pathway for the water species to diffuse into the bulk of the material, so the 
degradation will be limited into the surface. 

 
Figure 1.25 Fraction of monoclinic phase measured after 40 h of hydrothermal 
ageing as a function of the 3Y-TZP volume content in the ZTA composite. The grey 
area represents the percolation threshold [210]. 

1.5 Fracture toughness 
In most cases, ceramic materials fail by unstable propagation of natural 

flaws, such as pores, cracks, inclusions, machining defects, etc. 

According to linear elastic fracture mechanics (LEFM), the stress field close 
to a crack tip can be described by only one parameter: the stress intensity factor, K 
[211]. Fracture starts when K reaches a critical value, which is the fracture toughness. 

In mode I, that is, when the stress is applied perpendicularly to the crack 
plane, K is written as KI and the fracture toughness as KIc. In general, KI can be written 
as: 
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√  1.7 

where σ the applied stress, a is the crack length and Y is a factor that depends 
on the crack length and geometry of the sample. 

In general, measuring the fracture toughness of a material consist in the 
following steps: 

· generate a crack with a known length in a specimen with a specific shape, 

· test the specimen to failure to obtain the load at failure, 

· calculate KIc from Equation 1.7 by incorporating the stress at failure, σf: 

√  1.8 

The generation of an initial sharp crack with a simple geometry is an 
important problem in ceramics. Several methods have been proposed, which are 
described below. 

1.5.1 Vickers indentation 
One of the most commonly used methods for determining the fracture 

toughness of a material is the Vickers indentation fracture toughness test (VIF), due 
to its ease of use. 

 
Figure 1.26 Imprint and cracks formed by a Vickers indentation: Palmqvist-type 
crack on left and median crack on right (adapted from [212,213]). 
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It consists in the penetration of a Vickers indenter on a polished surface and 
the measurement of the dimensions of the imprint and the lengths of the indentation 
cracks (see Figure 1.26). 

Brittle materials show several Vickers crack systems. The most used in 
brittle materials are median surface semielliptical cracks which often are taken as 
semi-circular. For high fracture toughness materials they tend to be Palmqvist-type 
cracks, when 0.25 < (c/a-1) < 2.5, according to Niihara et al. [214] (see Figure 1.27). 

 
Figure 1.27 Relation between the shape of the crack and the determined KIc: solid 
curve corresponds to radial median cracks, and dashed line to Palmqvist cracks 
[215]. 

There are many equations proposed for measuring fracture toughness from 
indentations. One of the most used was proposed by Anstis et al. [216] for median 
radial cracks: 

0,032 √
⁄ ⁄

 1.9 

where Kind is the residual stress intensity factor measured in MPa√m, H the 
hardness, E the elastic modulus, a is the half of the imprint, c the distance between 
the center of the indentation and the crack tip (as seen in Figure 1.26). 

For Palmqvist cracks Niihara [214] proposed another equation: 

0,018 √
.

1
⁄

 1.10 
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Even though the value of Kind has been typically related to the fracture 
toughness of the material (KIc), the VIF technique in general is not a reliable method 
to measure fracture toughness for brittle materials. In particular, in high 
transformable materials such as high toughness zirconia, the cracks might be 
severely affected by the t→m transformation around the imprint and not only by the 
transformation generated by the crack itself during its extension. 

Moreover, in highly transformable ceramics, the cracks are extremely short 
and the c/a ratio often does not even obey the conditions for the validity of 
indentation equations. Consequently, there are serious discrepancies between 
indentation fracture toughness and robust fracture mechanics standardised tests [217]. 
Many authors recommend not to use the indentation test for the determination of 
KIc (see, for example, Quinn and Bradt [217]). 

1.5.2 Precracked bending 
specimens 

There are several methods for measuring the actual fracture toughness of 
ceramic materials from flexure tests. Some of them are standardised [218] using beam 
test specimens with a sharp crack. These methods are often referred as surface crack 
in flexure (SCF), chevron-notched beam (CVN), single-edge-precracked beam 
(SEPB), and single-edge-notched beam (SENB). The main difference is the shape of 
the crack and how it is produced [215,218]. 

Surface crack in flexure (SCF) 

The initial crack is produced by a Knoop indenter, and then the surface is 
polished until the imprint and residual stress field are removed. The sample is tested 
in four-point bending configuration [219,220]. 

One of the main advantages of the SCF test is that it can offer reliable results, 
and the fracture toughness is measured from precracks with a size similar to the 
natural defects. However, the identification of the fracture origin and the accurate 
measurement of its size can be difficult [221][219,221]. Moreover, for KIc determination 
it is often assumed that the crack shape is semi-circular or semielliptical, which is not 
always true, especially in high-toughness materials. Also, the residual stresses are not 
completely known, which may have an influence on the obtained values [221]. 
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Chevron-notched beam (CN) 

The fracture toughness is calculated from the maximum force applied in 
either three- or four-point bending after a stable extension of the crack propagated 
from a chevron notch. 

The main advantage of this method is that no sharp precrack has to be 
introduced, as the crack is produced during loading [222]. However, the “V” shape 
groove, called chevron, is difficult to machine with cutting discs, and the obtained 
values are very sensitive to load rate and deviations in the crack plane during its 
propagation [221,222]. 

Single-edge precracked beam (SEPB) 

A straight precrack is produced propagating cracks from one or more 
Vickers indentations by, typically, bridge-flexure technique, and tested in three- or 
four-point bending [218,223]. 

With this method, the tip of the precrack is significantly sharp, but its 
propagation is difficult to control and its final size on the fracture surface is difficult 
to identify and measure. Also, KIc values can be influenced by the residual stresses 
produced by the indentations [221,223]. 

Single-edge notched beam (SENB) 

A beam with a sawed through notch is tested in usually four-point bending, 
and it is assumed that either the notch tip is sharp enough or that fracture originates 
from a small defect in front of the notch. Its use is extended as it is cheap and easy to 
produce, although the values obtained can be influenced by the notch width [224,225]. 

Single-edge V-notched beam (SEVNB) 

In order to make KIc testing more user-friendly, there have been attempts to 
use sharp notches instead of precracks as the starting defect on bending test 
specimens, such as the single-edge v-notched beam method (SEVNB), which is a 
variation of the SENB method proposed by Nishida et al. [226] and successfully 
applied by Kübler [227,228]. 
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This method is based on machining a notch with a saw cut and thinning its 
tip by honing with a razor blade impregnated with diamond slurry, obtaining the 
notch configuration depicted in Figure 1.28. 

 
Figure 1.28 Schematic geometry of V-notch obtaining by a saw cut and thinning its 
tip with a razor blade [228]. 

By following this procedure, notch radii of several dozen microns can be 
obtained. However, elastic fracture mechanic is developed under the assumption that 
the crack tip radius is equal to zero, so that in order to measure the fracture 
toughness the crack tip radius should be as small as possible. Above a critical notch-
root radius (ρc) the values of KIc are overestimated (see Figure 1.29). 

This critical notch radius is proportional to the size of the fracture-initiating 
defect, which use to be in the range of 1-3 times the grain size [225]. 

 
Figure 1.29 Dependence of measured fracture toughness (KIc) on notch-root radius 
(ρ) (from [215] after [225]). 
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Fett [229] analysed the stress intensity factor of a crack in front of a circular 
notch tip, as depicted in Figure 1.30, and concluded that if the length of the crack, a, 
in front of the notch is much higher than the radius of the notch tip, R, the stress 
intensity factor is the same as that of a crack with a length equal to the sum of the 
length of the notch and the crack in front of it (a0+a). If not, the stress intensity factor 
in front of the crack will be affected by the notch tip radius and that approximation 
will not be true so that the KIc value will be overestimated. 

 
Figure 1.30 a) Schematic view of a crack with length a in front of a notch with 
radius R, b) and its influence on stress intensity factor [230]. 

In the case of coarse grain ceramics, the damage in front of the notch may 
comply with that condition. However, in the case of finer grain size ceramics, this 
condition is more difficult to fulfil, if not impossible, as the radius of the notch will 
be always limited by the mechanical tool. 

Because of that, there is a need for a method which can produce a very sharp 
notch in ceramics with very fine microstructures in a controlled manner. 

Ultra-short pulsed laser ablation (UPLA) 

One possible method to introduce a sharp crack in ceramics is by laser 
ablation, which is a technique sometimes used in polymers [231–233]. Although the 
damage left in brittle ceramics may be expected to be much relevant than in 
polymers, there has been previous work using laser ablation on zirconia mainly 
focused on surface micromachining for dental applications [234–237]. 
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The physics behind laser ablation has been extensively studied, proving that 
there is a minimization of thermal effects during ablation using ultra-short pulsed 
lasers, with pulses in the range of the femtosecond (fs) [238–240]. 

With this technique, it is in principle possible to produce small notches with 
radius under the micron and with different sizes. 

1.5.3 R-curve 
In the case of ideally brittle materials, fracture toughness is independent of 

crack extension, ∆a, so that KIc=constant and independent of crack length. Many 
ceramics with toughening mechanisms, however, show a different behaviour, with 
an increasing crack growth resistance with an increase of crack extension. Such is 
the case of many zirconia ceramics, in which transformation toughening occurs (see 
section 1.2.2). 

In these cases, the resistance to crack propagation is not described by a single 
value of KIc but by a crack-resistance curve, known as R-curve, as shown in Figure 
1.31. 

 
Figure 1.31 Representation of the stress intensity factor variation with crack 
extension a) flat and b) rising crack-resistance curve (R-curve) [215]. 

Unstable fracture occurs when the stress intensity factor increases faster 
than the materials resistance to fracture. That is, when the corresponding KIappl-
curve is tangent to the KIR-curve, as seen in Figure 1.32. Therefore, in mode I, 
fracture will occur when both conditions are fulfilled: [215] 

and:	

 1.11 

 1.12 



1.5 FRACTURE TOUGHNESS 

47 

 
Figure 1.32 Instability for fracture for a rising R-curve [215]. 

A material with a flat R-curve has a single value of toughness, while for 
materials with rising R-curves there is no single value of toughness (see Figure 1.33), 
as this tangency point, KIinst, depends on the shape of the KIR-curve, the initial crack 
size, ai, and the type of loading [215,241]. 

 
Figure 1.33 Schematics of flat and rising R-curves. A material with a flat R-curve 
has a single value of toughness, while for materials with rising R-curves there is no 
single value of toughness [241]. 

Zirconia materials offer a wide range of different R-curve behaviour 
depending on the dopant and grain size, as seen in Figure 1.34. 
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Figure 1.34 R-curves for various ceramics, obtained from long cracks. [3] 

It is often assumed that the R-curve is unique and invariable for each 
material. However, it depends on different parameters like grain size, initial crack 
size and shape, and loading conditions [215,230,242–244]. 

1.5.4 Toughening mechanisms 
Broadly, there are two general types of toughening: intrinsic damage 

processes that occur in front of the crack tip and extrinsic shielding that acts behind 
the crack tip [245]. Examples of these processes can be seen in Figure 1.35. 

Intrinsic toughening: this type of process increases both crack-
initiation and crack-growth resistance by relaxing the stresses ahead of the 
crack by enlarging the plastic zone in front of the crack tip. In ceramics, as 
plasticity is very limited, it can be produced mainly by phase transformation 
(in the case of zirconia t→m transformation, see section 1.2.2), crack 
deflection and branching or microvoid coalescence, among others. 
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Extrinsic toughening: shielding mechanisms are only effective 
in increasing crack propagation resistance and they have no effect on crack 
initiation. These processes act behind the crack tip to hinder its further 
opening by lowering the local stresses in the crack tip. Examples are crack 
bridging (by fibers or second phase particles), frictional interlocking of 
grains during intergranular fracture or crack wedging, among others. 

 
Figure 1.35 Schematic illustration of different examples of intrinsic toughening 
occurring in front of the crack tip and extrinsic mechanisms that act primarily 
behind the tip [245]. 

1.5.5 Relation between fracture 
toughness and strength 

In general, R-curve behaviour is usually measured from specimens 
containing macrocracks (a detailed explanation of different methods can be found in 
[215] and [246]). Therefore, the obtained KIinst values of the tangency points for unstable 
crack propagation are reached after stable crack extension (see Figure 1.36). 

As strength is governed by small natural defects, which are often in the range 
of the grain size, in principle, one should expect that a material with a strong R-curve 
giving high fracture toughness should also show a high fracture strength. 
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However, materials with strong R-curves can show discrepancies between 
measured fracture toughness and strength, being usually mutually exclusive [245,247]. 
Some Ce-TZP materials, for instance, are known for having a strong R-curve and 
high fracture toughness but low strength compared to 3Y-TZP [175,176,248]. This can 
be explained, in part, due to the small initial crack does not make use of the full R-
curve, as the transformation zone size at maximum strength is dependent on the 
initial flaw size and therefore the KIinst values obtained for small ai are always smaller 
than for larger ai values, schematised in Figure 1.36 [249]. 

 
Figure 1.36 Failure behaviour of materials with R-curve and an initial a) short and 
b) long crack [215]. 

In very transformable zirconia ceramics, the strength can be limited by the 
critical stress to induce t→m phase transformation. It has been shown that for 
transformable materials with high toughness (above ~8 MPa√m, see Figure 1.37), the 
loss of strength is attributed to a stress-induced t→m phase transformation in the 
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surface that occurs at a lower stress than the fracture stress from pre-existing flaws, 
leading to cracks generation. Thus, fracture does not take place from the natural 
defects initially present, but from defects generated by the nucleation of the 
transformation [3,249]. 

In the case of materials with lower fracture toughness (below ~8 MPa√m), 
the strength is limited by flaw size, following the well-known Griffith flaw-
size/strength relationship [250]: 

√
 1.13 

where σf is the fracture strength, a is the critical flaw radius and Y a crack 
shape parameter. 

However, that makes them more susceptible to flaw generation during 
processing and less tolerant to damage, which will reduce strength drastically [79,249]. 

Therefore, it is often generalised that zirconia ceramics with KIc below ~8 
MPa√m are flaw-size sensitive, while above this value the strength is controlled by 
stress-activated transformation [3]. The peak observed in Figure 1.37 show the 
transition from flaw-size control to transformation-limited strength [249]. 

 
Figure 1.37 Strength-toughness relation for various PSZ and TZP ceramics. [249] 





 

 

 

 

 

 

 

CHAPTER 2  
AIMS AND SCOPE 



 

 

As it has been shown in the previous chapter, machining a sharp notch on 
the surface of ceramics for fracture toughness testing has been a critical issue during 
many years. It often requires high-qualified technicians and certain artistry, and even 
then, the success rate is rather low, and the results are not accurate in some cases or 
the equations used are not applicable, especially in the case of nanograin-sized 
ceramics. 

Therefore, one first objective of this thesis is to develop and assess a novel 
method to determine accurately fracture toughness of ceramics with small grain size. 
This should be achieved through an easy-to-carry-out technique to introduce small 
notches with a sharp radius. 

On the other hand, it has also been seen that one of the main issues of 3Y-
TZP is its low resistance to LTD, which casts doubt on the long-term reliability of 
biomedical implants and dental prostheses. 

Thus, the second main objective of the thesis is to develop new zirconia-
based materials combining both high LTD resistance and good mechanical 
properties. 
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2.1 Fracture toughness 
determination 

As stated in the introduction, indentation techniques are not a reliable 
method for fracture toughness determination. Other methods involve notches and 
long cracks, which are typically difficult to propagate in a stable manner and to 
identify in the fracture surfaces. Moreover, in the case of materials with R-curves, 
measured values from long cracks have no correspondence with the strength of the 
material, which fractures from small natural defects. 

Therefore, a, easy to reproduce method to determine the fracture toughness 
of materials with small grain size and with cracks similar to natural defects is 
developed an assessed in this thesis. 

2.1.1 Fabrication of small 
notches 

Ablation by means of ultra-short pulsed laser, with pulses in the range of the 
femtosecond (fs) is proposed to produce small notches with a very sharp tip radius. 

Most of the studies on laser ablation of zirconia have been focused on 
surface ablation and microstructuring. In this sense, it has been reported that 
micromachining the surface of 3Y-TZP by a pulsed picosecond laser does not affect 
the strength [236]. 

Microgrooves on the surface of Y-TZP crowns have been induced by 
ultrafast laser to aid dental bonding [235] and dental crowns have been manufactured 
by laser microstructuring of hot-isostatically pressed zirconia [234]. Also, high quality 
microstructures (grooves and pores) on the surface of cylindrical zirconia dental 
implants have been created by means of laser ablation [237]. The main interest in these 
works was focused on the description and analysis of the modified surfaces to 
evaluate their potential to improve implant performance 

It has been stated that there is a minimization of any thermal effect during 
ablation using pulses in the range of the femtosecond (fs) [238–240]. In this case, the 
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material is removed by direct vaporization and the heat affected zone is expected to 
be extremely small as compared to other techniques, provided the deposition of laser 
energy on the surface of the material occurs in a timescale which is much shorter 
than the typical time for energy transfer between electrons and lattice [251,252]. 

Therefore, this technique seems appealing for producing small notches with 
radius under the micron and with sizes in the range of dozen microns. This should 
make the technique suitable for materials with submicrometric grain size, and also 
to help to determine the initiation fracture toughness of materials with small natural 
defects. This is addressed in Article I. 

2.1.2 Analysis of the damage 
Even though it has been reported that using pulses in the range of the 

femtosecond limits the thermal effects [238–240], the pulses to produce sharp notches 
are focused in a very narrow area, and therefore certain possible damage cannot be 
neglected. The existence of damage and its possible influence on the determined 
fracture toughness should be considered. This is addressed in Article I. 

Also, the quality of the notches and the influence of different laser 
parameters on their shape, length and damage in front of its tip is studied in Article 
III. 

2.1.3 Assessment of the 
methodology 

This technique should be suitable for a wide range of advanced ceramics, 
especially adequate for submicrometre grains-sized materials and with R-curves. 
Therefore, besides 3Y-TZP it can be also applied to other ceramic materials. 

This thesis is focused on zirconia ceramics. However, in order to validate 
this new methodology, zirconia is not the best ceramic because of the strong effect 
of many variables on its fracture toughness, such as grain size, environment, 
stabiliser content, stress rate and R-curve behaviour. A more sound validation of the 
method is possible by using a ceramic for which KIc is very well known and is less 
sensitive to these variables. 
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Therefore, here it has been used a well-documented commercial silicon 
nitride (Si3N4) with a grain size of a few microns, which in the past was the object of 
a ‘Reference Material Testing Program’ (RMTP) of the European Structural Integrity 
Society (ESIS) Technical Committee 6 for measuring KIc and other mechanical 
properties [253,254]. 

The objective is twofold: 

On the one hand, obtained values using the new technique to induce notches 
can be compared to the values reported in literature for the exact same material. As 
its grain size is above the micrometre, the influence of the notch-tip radius should be 
smaller than for 3Y-TZP with submicrometric grain sizes. Therefore, results are 
expected to be very similar to the reported ones. Also, R-curve of this material 
appears to be moderately flat, and the influence of initial crack length is then 
diminished. 

On the other hand, the reproducibility of the notches on different types of 
material, a nitride in this case, is also assessed. The geometry of the notch and the 
effect of the laser is analysed and compared to previous results in 3Y-TZP. This topic 
is addressed in Article II. 

2.2 Novel co-doped zirconia 
materials 

The second main objective of this thesis consist in the development of novel 
zirconia ceramics with high resistance to LTD maintaining the good mechanical 
properties of 3Y-TZP. 

As seen in the introduction, there are several ways to improve LTD 
resistance of 3Y-TZP. One of the approaches is developing composites materials 
with other oxide or non-oxide phases. However, the objective of this work consists 
on developing only-zirconia compositions with high performance which could also 
be used as enhanced matrices for composites. 

Using ceria instead of yttria to stabilise the tetragonal phase increases 
enormously the ageing resistance, but the mechanical properties are rather different. 
Doping with 12 mol% ceria results in a substantially higher transformability and 
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fracture toughness compared to 3Y-TZP, but the strength and hardness are lower, 
which partly can be associated to its larger grain size. 

Therefore, the studies are focused on two interrelated approaches. On one 
side, as one of the goals is to obtain a material with the good mechanical properties 
of 3Y-TZP and the good LTD resistance of 12Ce-TZP, it seems worthwhile to 
investigate if combining both materials one could obtain the best properties of each 
component. 

On the other hand, as there is a strong dependence of mechanical properties 
on grain size, it is expected that controlling the grain growth of Ce-TZP during 
sintering may increase its strength and hardness. 

2.2.1 Yttria-ceria 
As discussed in section 1.3.1 in the introduction, using ceria instead of yttria 

to stabilise the tetragonal phase results in an improved LTD resistance. Therefore, it 
is expected that the ageing behaviour of 3Y-TZP will improve when mixing 12Ce-
TZP with 3Y-TZP, although also with an increase of grain size and concomitant 
decline of mechanical properties. 

Producing several compositions, covering the full range from 100% 3Y-TZP 
to 100% 12Ce-TZP should be useful to determine the optimum composition where 
a balance between the good mechanical properties of 3Y-TZP and high LTD 
resistance of 12Ce-TZP is maintained. 

This study is performed in Article IV. 

2.2.2 Ceria-calcia 
As detailed in section 1.4.1 in the introduction, grain size refinement is one 

approach to improve the mechanical properties of ceria-stabilised zirconia. In 
principle, this can be achieved by the addition of specific solutes, which might reduce 
the grain boundary mobility during sintering [146,184,185]. 

Due to its low valence and large ionic size (ionic radius of Ca2+ and Zr4+ are 
112 and 84 pm respectively), it is expected calcia to be one of the strongest grain-
growth inhibitors, reducing the transformability of ceria-stabilised zirconia and 
increasing the hardness and strength. 
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Calcia has only been reported to be effective on reducing the grain growth 
of 3Y-TZP in one study in 1986 [142], and 12Ce-TZP, in 1990 [186] and 1994 [177]. 
Surprisingly, even if there are several recent articles about the segregation effect of 
different elements on 3Y-TZP and its effect on LTD resistance, there is a lack of 
studies about segregation effects on Ce-TZP and its effect on the mechanical 
properties. New findings on segregation of elements on the grain boundaries might 
shed some light on the problem of reducing the grain size of Ce-TZP to increase its 
mechanical properties. 

This topic is discussed in detail in Appended manuscript. 

 





 

 

 

 

 

 

 

CHAPTER 3  
SUMMARY OF THE 
RESULTS 



 

 

This thesis has been focused in two main objectives: on the one hand, a 
strategy to develop novel zirconia materials with better LTD resistance and good 
mechanical properties, and on the other hand a method to determine accurately the 
small-crack fracture toughness of these materials, typically with submicrometric 
grain sizes and R-curve behaviour. In this chapter, the major findings are outlined. 
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3.1 Fracture toughness 
determination 

The methodology is first developed in Article I for a commercial 3Y-TZP 
widely used for biomedical applications. 

The method proposed is a variation of the SEVNB test (see section 1.5.2). 
Considering the average grain size of this 3Y-TZP (~330 nm), it was estimated that 
a notch-tip radius below 1 µm is needed to correctly determine KIc. These sharp 
notches are impossible to achieve by the common method of thinning the notch-tip 
with a razor blade [226]. In this case, the KIc values are expected to be overestimated, 
as a clear relation of KIc with notch root radius has been observed [225,227,255]. 

Using ultra-short pulsed laser ablation (UPLA), with pulses in the 
femtosecond (fs) range, it is possible to obtain notches with a tip radius below a 
micron and a length between 20 and 40 µm. This process creates a damage in the 
direction of the notch and in front of its tip. 

The damaged area consists in a directional narrow band (~2–4 µm) in front 
of the notch tip with a length of ~15 µm with a high density of microcracks, and its 
integrity was analysed. Also, no phase transformation was detected in that region. A 
deeper study of this damage is carried out in Article III. 

The physical explanation of this microcracked region cannot be related to 
photo-thermal effects and it seems likely related to thermomechanical waves 
induced by the laser ablation process since they are localised in the direction of the 
notch [256,257] without producing any detectable t→m transformation. 

It is concluded that the conditions for fracture toughness determination are 
fulfilled, since not only the tip radius of the notch is very sharp (of less than 1 µm) 
but also there is a non-transformed microcracked region in front of the notch so that, 
in principle, the total crack length can be taken as an unshielded edge straight crack 
with a length equal to that of the notch + microcracked band [229]. After testing the 
samples, the notch and microcracked area are clearly revealed on fracture surfaces, 
so that their lengths are measured easily. 

As the microcracked density is very high and almost all microcracks are 
interconnected (see Article III), it is then expected that when the load is increased to 
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fracture during flexure test, the microcracked region will coalesce and form with the 
notch one sole crack that under higher loads will become unstable inducing failure 
[258]. 

The relatively small values obtained in 3Y-TZP by this method (compared 
to values reported in the literature) can be explained because the condition for 
unstable fracture for small unshielded cracks makes very unlikely the exploitation of 
the toughening from the modest and sharp R-curve present in 3Y-TZP with 330 nm 
grain size [259] (see section 1.5.5 in Chapter 1). The condition of fracture in case of the 
presence of R-curve behaviour is reached before the crack can grow in a stable 
manner. 

The influence of different laser parameters is studied in Article III for 3Y-
TZP. As expected, the notch depth increases with the total of radiation energy per 
unit of length. However, the length of the band of microcracks in front of the ablated 
notches depends on the laser pulse energy but not on the total energy absorbed 
during ablation of the notch. 

As the same configuration of notch and microcracks and small notch tip 
radius is observed in all cases, it is not expected to have a relevant influence on the 
determined fracture toughness values. It seems, then, that the method is rather 
tolerant to different laser parameters, and therefore easier to apply on different 
setups. 

The applicability of this technique to other materials is studied in Article II. 
Using a silicon nitride with a well-documented mechanical properties and larger 
grain size than 3Y-TZP, it is possible to assess the methodology, as obtained values 
are in agreement with literature [228,253,254]. Also, it is observed that the same geometry 
of notch + microcracks is obtained with materials different from zirconia, a nitride 
in this case. 

This technique has been also applied to Ce-TZP-based materials developed 
in Article IV and Appended manuscript. Even if Ce-TZP has a higher Vickers 
indentation fracture toughness and a stronger R-curve behaviour than 3Y-TZP, the 
obtained values of KIc are rather similar but lower than those reported by other 
methods with long cracks [248]. That confirms that stable fracture does not take place 
when testing small cracks in load control and therefore the full potential toughening 
of the R-curve is not exploited. 

In summary, this method may be of great interest in nanograin size ceramics 
in which the microstructure is too fine for using the technique based on a machined 
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notch sharpened via honing. It is also of interest to determine the initiation fracture 
toughness from small cracks similar to natural defects, so that the KIc measured is 
closer to the fracture toughness that determines the strength. 

3.2 Novel co-doped zirconia 
materials 

The study realised in Article IV combining both yttria and ceria resulted in 
compositions with smaller grain sizes, less transformability and ageing resistance 
than 12Ce-TZP. It is possible to produce intermediate compositions combining the 
properties of 3Y-TZP and 12Ce-TZP according to the particular needs of every 
application. 

Small amounts of ceria do not seem to have a strong impact in the 
microstructure and properties of 3Y-TZP. Thus, a composition containing 15 wt% 
of 12Ce-TZP and 85 wt% of 3Y-TZP also shows important amounts of monoclinic 
phase after autoclaving at 134 ºC for 72 h. 

However, the opposite case, a composition with 85 wt% 12Ce-TZP and 15 
wt% 3Y-TZP presents a high hydrothermal stability, with barely no traces of 
monoclinic phase after the same treatment. It also possesses higher transformability 
and resistance to contact loading than 3Y-TZP, and a smaller grain size than 12Ce-
TZP. 

The segregation of different elements of this particular composition has 
been studied in more detail in a related work [260], not included in this thesis. 

On the other hand, the addition of small amounts of calcia (1 to 3 mol%) to 
10 and 12 mol% ceria-stabilised zirconia reduces strongly the grain size, increasing 
hardness and fracture strength and maintaining the high resistance to LTD; as seen 
in Appended manuscript. 

The amount of cubic phase also increases with increasing calcia content, 
which produces inhomogeneity in the dopant distribution. Cubic grains are highly 
enriched in Ce and Ca solutes, while overall stabiliser content in the tetragonal 
neighbouring grains is lowered. This reduces the stabilisation of the tetragonal 
grains, making them more transformable, which translates in a higher fracture 
toughness. At the same time, hardness is increased due to the presence of a higher 
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fraction of cubic phase. This effect is more significant in the composition with 3 
mol% calcia and 10 mol% ceria. This particular composition possesses mechanical 
properties comparable to 3Y-TZP while maintaining the high ageing stability of Ce-
TZP. Higher strengths are achievable with only 1 mol% calcia addition, at the 
expense of lowering slightly the fracture toughness and transformability. 

 



 

 

 

 

 

 

 

CHAPTER 4  
CONCLUSIONS AND 
PERSPECTIVES 



 

 

This last chapter includes the general conclusions of the thesis, together with 
the scientific impact and possible future implications. 
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4.1 Ultra-short pulsed laser 
ablation 

Ultra-short pulsed laser ablation is a straightforward process to fabricate 
sharp notches for an accurate determination of fracture toughness that may be of 
great interest especially in submicrometre-sized ceramics and composites. 

This is particularly interesting to determine fracture toughness from small 
unshielded cracks in materials with R-curve behaviour. Unless the R-curve presents 
high steepness at the beginning of crack extension, the fracture toughness measured 
is the initiation fracture toughness. 

The method developed can be also applied to sharpen the blunt tip of much 
longer notches introduced by classic mechanical methods like, for example, through 
a diamond saw [261,262], or to produce directly long notches [263]. 

Due to the reliability and precision of the technique, the scatter and 
uncertainties from measurements are highly reduced, in comparison with other 
techniques like SCF, where the small crack is difficult to identify and measure, or 
SEVNB with blunt notches, where measurements depend on notch-tip radius. 

The processing times of this technique are proportional to notch depths, but 
much faster compared to other methods. 

4.2 Grain growth inhibition 
Through an understanding of the segregation behaviour of the cations in 

solution in zirconia ceramics, it is possible to control and tailor the microstructure 
of ceria-stabilised zirconia, obtaining materials with a good combination of 
mechanical properties and high hydrothermal resistance. 

Cation segregation at the grain boundaries and grain growth inhibition due 
to a solute drag mechanism depends on cation valence and radius, being the larger 
divalent cation dopant the most successful on reducing the grain boundary mobility. 

Thus, small amounts of calcia inhibits strongly the grain growth of ceria-
stabilised zirconia, reducing at the same time the transformability and increasing the 
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hardness and the fracture strength. The content of cubic phase also increases, leading 
to a phase partition that diminishes the stabiliser of the tetragonal phase, being more 
transformable. However, the hardness is maintained due to the increase of cubic 
phase. Besides the consequent good combination of high fracture toughness, 
hardness and strength, these compositions possess high ageing resistance. 

Therefore, phase partition seems an interesting approach to obtain an only-
zirconia “composite” material, consisting in a harder phase (cubic phase) and a very 
transformable and tough one (impoverished tetragonal grains). Future work on this 
topic should be focused on the precise optimization of the composition to control 
the extend of this phase partition, which could enhance the mechanical properties, 
along with the optimization of the mixing and sintering conditions. Future studies 
could also aim to apply these co-doped ceramics in composites as matrices with 
reinforcements of hard particles such as alumina. 

The use of ceria as a dopant is especially delicate due to its different 
oxidation states, so future work could be focused on their influence on the 
microstructure and mechanical properties. As it has been seen in section 1.3.2 in 
Chapter 1, segregation of solutes in the grain boundaries is due to their attraction to 
the electric potential of the space-charge layer. As this potential is produced mostly 
by the accumulation or depletion of oxygen vacancies, and as ceria does not stabilise 
by the generation of vacancies (when processed in oxygen-rich atmospheres it 
should be present as Ce4+), ceria-stabilised zirconia, theoretically, should not possess 
a space-charge layer. However, it is believed that a certain amount of Ce3+ is always 
present even when sintering in air, which would form oxygen vacancies and 
segregate to the grain boundaries (in some cases, Ce has been found slightly 
segregated at the grain boundaries [260,264], as also shown in Appended manuscript. It 
is expected that the segregation tendency of Ce3+ to be higher than Ce4+ because of 
its larger ionic size (see Table 1.2 in section 1.2.1 in the introduction) and different 
valence than Zr4+, so that it is often assumed that the segregated Ce ions at the grain 
boundaries are in the Ce3+ form. Therefore, it seems that the amount of Ce3+, which 
depends on the sintering conditions, could influence the segregation of other solutes 
on the grain boundaries. 

There is also a lack of understanding about the influence of the different 
ratios of Ce4+/Ce3+ on the microstructure, mechanical properties, LTD resistance 
and aesthetical appearance. The improvement of precision and resolution of 
equipment such as XPS might clarify this topic, helping on the better control of the 
manufacture of Ce-TZPs. 
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3Y-TZP TZP stabilised with 3% mol of Y2O3 
AFM Atomic force microscopy 
AS As-sintered 
ASTM American Society for Testing and Materials 
ATZ Alumina-toughened zirconia 
B3B Ball-on-three-balls strength test 
c→t Cubic-to-tetragonal transformation 
Ce-TZP TZP stabilised with CeO2 
CIP Cold isostatic pressing 
CLSM Confocal laser scanning microscopy 
COD Crack opening displacement 
CSM Continuous stiffness measurement 
CSZ Cubic-stabilised zirconia 
CVN Chevron-notched beam 
E Elastic or Young’s modulus 
EBSD Electron backscatter diffraction 
EDS/EDX Energy-dispersive X-ray spectroscopy 
EPMA Electron-probe micro-analyzer 
ESIS European Structural Integrity Society 
FESEM Field emission scanning electron microscopy 
FGM Functionally-graded material 
FIB Focused ion beam 
FSZ Fully-stabilised zirconia 
GB Grain boundary 
HAADF High angle dark annular field 
HIP Hot isostatic pressing 
HRSTEM High-resolution Scanning transmission electron microscopy 
HV Vickers hardness 
ISO International Organization for Standardization 
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K Stress intensity factor 
KIc Fracture toughness 
LEFM Linear elastic fracture mechanics 
LTD Low-temperature degradation 
MAJ Mehl-Avrami-Johnson 
OM Optical microscopy 
PSZ Partially-stabilised zirconia 
RMTP Reference Material Testing Program 
SCF Surface crack in flexure 
SEM Scanning electron microscopy 
SENB Single-edge-notched beam 
SEPB Single-edge precracked beam 
SEVNB Single-edge V-notched beam 
SOFC Solid oxygen fuel cells 
STEM Scanning transmission electron microscopy 
T0 Transformation temperature 
t→m Tetragonal-to-monoclinic transformation 
TBC Thermal barrier coating 
TEM Transmission electron microscopy 
THR Total hip replacement 
TTT Time-temperature-transformation curve 
TZP Tetragonal polycrystalline zirconia 
UPLA Ultra-short pulsed laser ablation 
VAMAS Versailles Project on Advanced Materials and Standards 
VIF Vickers indentation fracture toughness test 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
YSZ Yttria-stabilised zirconia 
ZTA Zirconia-toughened alumina 
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