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Abstract

40 years ago, Garvie and his Australian co-workers reported that the stress induced 

transformation of metastable tetragonal zirconia grains to the monoclinic symmetry could give 

rise to a powerful toughening mechanism. Their results even led them to consider zirconia 

systems as analogues of certain steels. This seminal paper generated extraordinary excitement 

in the ceramic community and it is still the subject of extensive research. Transformation 

toughening is widely used in zirconia materials and results in an increase in strength and 

toughness when compared to non-transformable ceramics, but the implementation into strong, 

tough, and sufficiently stable materials has not been fully reached. Zirconia ceramics generally 

fail at low strains with a much larger scatter in the strength values than metals and require 

statistical approaches to failure. Here we describe in details the mechanical behavior laws of 

ceria-doped zirconia composites exhibiting a high degree of stress-induced transformation. 

They present, to some extent, mechanical behavior analogous to a metal, displaying, i) 

significant amount of transformation-induced plasticity without damage, ii)  very high flaw 
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tolerance and iii) almost no dispersion in strength data. They potentially open new application 

avenues in situations where the advantages of ceramics were dampened by their brittle failure 

behavior. In particular, the consequences of such behavior for dental implants and additive-

manufactured structures are highlighted. 
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I. Introduction

Zirconia (ZrO2) was first identified by the German chemist Martin Heinrich Klaproth in 1789 

[1] as a reaction product of heating zirconium. In 1892, a more abundant source was discovered 

in the mineral Baddeleyite (80-98% of zirconia) [2]. An important step in the development of 

zirconia was published just a century ago in the Journal of the American Ceramic Society during 

its inaugural year in 1918, by Phillips, who proposed a procedure for the purification of 

zirconium dioxide [3]. However, it was not until 1928 that the first commercial zirconia-based 

product appeared, in the form of MgO-stabilized ZrO2 crucibles for metal melts [4]. Because 

of the tetragonal (t) to monoclinic (m) martensitic phase transformation that occurs during 

cooling at ~950°C (temperature referred to as Ms, Martensitic-Start), accompanied by 

approximately 5% of volume increase [5], pure zirconia was indeed unsuitable for numerous 

technical applications, due to the impossibility of full-densification without catastrophic failure 

upon cooling and/or its poor stability when cycling at high temperatures (in the range 900-

1200°C). However, it was shown that certain oxides could be added to zirconia and stabilize 

the high-temperature phases (cubic or tetragonal) at room temperature (see Panel A), thus 

allowing the use of this ceramic in a wide range of application fields. Nevertheless, for many 

years the use of CaO or MgO-stabilized zirconia was limited to the refractory industry. The 

discovery of the phase transformation toughening mechanism by Garvie and co-authors in 1975 

[6] created new visions for high-performance zirconia applications. It was stated that ‘The 

presence of a tetragonal phase that can revert to the stable monoclinic form has a number of 

important consequences. The first is a significant increase in strength […].  A more important 

contribution comes from the absorption of energy during the martensitic transformation of 

tetragonal particles, as in the TRIP steels’. In other words, the t-m transformation at the crack 

tip could lead to an important transformation-induced absorption of energy. Their results, 

including the fact that the phase diagrams showed similar features to the one of Fe-C, even led 

them to consider zirconia systems as analogues of certain steels. This seminal paper created 

extraordinary excitement in the ceramic community and zirconia is still the subject of extensive 

research, debates and controversies. From a practical point of view, zirconia finds applications 

in a number of technical fields such as in Thermal Barrier Coatings (TBCs), bearings, fuel cell 

membranes, oxygen sensors, optical ferrules, and, most recently, biomedical devices. Today 

stabilized-zirconia is without doubt one of the most important ceramic materials because of its 

unique combination of properties such as high strength and fracture toughness at room 

temperature, high density, hardness, wear resistance, high temperature stability and low thermal 
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conductivity. However, it must be recognized that transformation toughening leads to an 

increase in strength when compared to non-transformable ceramics, but the translation into 

tough, strong and sufficiently stable materials has not been fully accomplished. For most 

industrial applications, zirconia ceramics fail by crack extension at low strains along with much 

larger scatter in strength than metals and this behavior imposes the use of statistical failure 

approaches. This is the case of the most common zirconia ceramic, stabilized with Yttria (Y-

TZP, for Yttria-Tetragonal Zirconia Polycristal). On the other hand, in the past [7-10] and more 

recently [11, 12], some Ceria-doped zirconia (Ce-TZP) based ceramics and composites were 

shown to exhibit significant amount of transformation-induced plasticity and almost no 

dispersion in strength data. Such materials could open new possibilities for applications where 

the limits of the failure properties of ceramics could be overcome, provided their mechanical 

behavior laws are well understood and described. The aim of the present paper is thus to 

describe in details the mechanical behavior of ceria-doped zirconia composites in relation to 

their transformation characteristics, and to discuss the transition from a conventional brittle 

behavior to a transformation induced ductility and, finally, to highlight the positive impact of 

genuine ductility on future potential applications. We here take the example of dental implants 

and additive-manufactured materials, for which a certain ductility and defect tolerance would 

be utterly beneficial.

II. Where are we?

Based on the established linear elastic fracture mechanics and Griffith equation, it is well known 

that there are two approaches to obtain reliable structural ceramic materials: controlling flaw 

size and/or increasing toughness and crack resistance. Indeed, for brittle materials, it is 

generally considered that strength is given by: 𝜎𝑅 

              (1)𝜎𝑅~ 
𝐾𝐼𝐶

𝜋𝑐

Where  is the toughness and  is the size of the most critical defect. 𝐾𝐼𝐶 𝑐

With the continuing trend of seeking ever stronger materials, previous studies in the 80’s 

proceeded to identify and reduce strength-reducing flaws by improving processing [13], for 

example through colloidal approaches to remove powder agglomeration and/or to induce 

microstructure refinement. Nevertheless, these strength enhancements were limited, as in the 

case of alumina ceramics, which barely exceed 600 MPa, even with careful control of grain size 
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and processing defects. Subsequently in the 90’s, researches placed emphasis on improving the 

toughness of brittle ceramics. Various methods were developed such as; i) phase transformation 

toughening in zirconia ceramics, ii) bridging via larger grains along with elongated 

morphology, iii) reinforcement by dispersing particles, whiskers and/or fibers, etc. [14-19]. 

Ceramics are not intrinsically tough as metals (where dislocation-based plasticity ahead of the 

crack tip is the key factor), but can be extrinsically toughened at the crack tip wake. This results 

in the generation of a crack-resistance curve (rising R-curve), which means that the toughness 

increases as the crack grows, eventually reaching a plateau value. However, unfortunately, 

strength is influenced by short-crack extension behavior and the optimal conditions 

(composition, grain size, transformability...) that maximize ceramic strength and toughness are 

not usually coincident. Consequently, the design of strong and tough materials is inevitably a 

matter of compromise. Therefore, over the last two decades, studies focused on strategies to 

obtain a better balance between strength and toughness in ceramic materials [5, 11, 12, 20-45]. 

Following the extensive research studies on the development of tough and strong 

ceramics, bio-inspired materials have been also investigated, such as the damage-

resistant materials containing a large inorganic content that widely exist in nature for 

structural purposes, including bone, nacre or enamel. Bio-inspired materials are 

tailored to have similar specific hierarchical structures as biological materials at 

multiple length scales [46-49]. Some remarkable enhancements in toughness were indeed 

achieved, for example, nacre-like ‘brick-and-mortar’ structures made from hybrid materials 

(alumina-polymethyl methacrylate) or in  artificial mineral constituents, resulting in materials 

having long-crack fracture toughness of ≥ 20 MPa.√m and strength of 200-500 MPa [46, 47]. 

By looking at the fracture behavior, the fracture resistance of these bio-inspired ceramics is 

derived from a series of extrinsic toughening mechanisms acting at various length- scales and 

developing a substantial R-curve effect [46-50]. These mechanisms are related to damage 

extension and development of a ‘process zone’ in which crack bridging, deflection and 

branching act to increase the crack resistance. Apart from the case of metal- or polymer-

impregnated bio-inspired ceramics, ceramics remain ‘brittle’ in the sense that no ductility is 

observed. The term ductility is meant to convey, from a mechanical point of view, that a 

permanent strain remains after unloading with minimal loss in stiffness and no associated 

damage. 
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Considering the development of ‘traditional’ zirconia ceramics, the capability of obtaining 

genuinely “ductile” ceramics from transformation-induced plasticity has been under-explored. 

Some zirconia indeed exhibit pronounced R-curve behavior (high fracture toughness  ≥ 20 

MPa.√m reported in some cases [14]) and a few studies have shown that Ce-TZP based 

ceramics might be considered as ‘ductile’, with a certain degree of transformation-induced 

plasticity before failure [6-10, 20, 21, 51-57 and Figure 1]. Recent studies on micro-pillars have 

also reported that some Y-TZP ceramics exhibit transformation-induced plasticity [58], 

provided the size of the tested samples was small enough and free of processing defects. 

Transformation-induced plasticity is thus more limited in 3Y-TZP than in Ce-TZP and has 

never been reported on large-sized samples. 

Zirconia offers the possibility of utilizing different stabilizers [13, 22]. As explained in Panel 

A, metastable tetragonal zirconia can be retained at room temperature by alloying with Y2O3, 

CeO2 or other rare earth oxides. 3 mol.% yttria-stabilized zirconia (3Y-TZP) possesses the 

highest strength (800-1200 MPa) among all single-phase oxide ceramics, but only moderate 

fracture toughness (~6 MPa.√m). Ce-TZP (typically 10 and 12 mol.% Ce-TZP) on the other 

hand exhibits higher toughness (15-20 MPa.√m) but lower strength (typically less than 600 

MPa). The strength difference between Y-TZP and Ce-TZP is in part related to the fact that 

fully dense 3Y-TZP can be easily sintered while retaining a relatively small grain size 

(submicron grain size, typically as low as 0.3 µm), whereas the grain size of Ce-TZP generally 

lies above 1.5-2.0 µm. Indeed, the mobility of grain boundaries during sintering is much higher 

in Ce-TZP than in Y-TZP and it is thus difficult to obtain a fine-grained, fully dense Ce-TZP. 

Furthermore, compared to Y-TZP, Ce-TZP has a lower critical transformation stress (σc
t-m) and 

a higher spontaneous tetragonal-monoclinic transformation temperature T0
t-m, which is 

associated with a larger transformation zone size around a crack [59]. Depending on the dopant 

concentration and the final grain size, the width of the transformation zone (h) in Ce-TZP is in 

the range of 100 µm while the transformation zone of Y-TZP is much smaller, typically a few 

micrometers [60]. Regarding the R-curve behavior, as shown in Figure 2 [5, 23-24], the extent 

of transformation toughening is proportional to h1/2, while the crack extension to achieve a 

plateau value is a multiple (4 to 6 times) of h. In the case of Ce-TZP ceramics, this results in 

having a high saturation level (KRmax). Furthermore, a crack can stably grow several times larger 

than the maximum transformation zone size, and, hence, Ce-TZP has high flaw tolerance 

characteristics [61]. Nevertheless, as explained above, since high strength can only be obtained 

for materials with high toughness at small crack length, the gradual increase of crack resistance 
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(small initial slope of R-curve) in Ce-TZP gives rise to relatively modest strength compared to 

Y-TZP. 

As a consequence, thanks to their high strength, 3Y-TZP ceramics (especially 3 mol.%) have 

found various high-performance applications, such as in the biomedical field, initially for hip 

joints (almost abandoned after 2001, due to a failure episode associated to the issue of aging 

described below), then for dental prostheses and implants. Moreover, high-quality commercial 

3Y-TZP powders are readily available, and these ceramics can be quite easily machined at 

different steps of the process (either in green, pre-sintered or sintered stage) and can be made 

more translucent. However, Y-TZP based systems may suffer from hydrothermal aging in the 

presence of water [59]. Aging of 3Y-TZP may be a critical problem in certain cases: this phase 

destabilization, occurring spontaneously (without the need of applied stresses) at room 

temperature and in presence of water had clearly a negative impact in the orthopedic community 

because of the failure of more than eight hundred 3Y-TZP Prozyr® femoral heads in 2000, 

commencing within months after implantation [59]. Nevertheless, the use of yttria-stabilized 

zirconia is booming in dental fields to make crowns, bridges and even implants, for which the 

optical properties (color and translucency) is another important driving force. Research is also 

ongoing to improve the aging stability of 3Y-TZP ceramics by adding alumina as dopant, 

increasing the yttria content and by a careful processing control [62-65]. Obtaining completely 

aging-free 3Y-TZP seems to be a difficult task due to the inherent presence of oxygen vacancies 

generated when Y3+ replaces Zr4+ in the cationic sub-lattice, in order to achieve charge 

neutrality. It is now well accepted that the presence of oxygen vacancies, stabilizing the 

tetragonal phase in Yttria-Zirconia system, are also the origin of aging, since they can be re-

filled by hydroxyl groups in the presence of water [59]. This is in contrast to Ce-TZP, where 

tetragonal zirconia is stabilized by a tetravalent dopant (Ce4+) thanks to a steric effect and the 

absence of oxygen vacancies make this system very stable in the presence of water [59, 61]. It 

is worth recalling that, as explained before, not only having a high strength is important but, 

today, the quest is also to obtain materials with an optimal balance between strength, toughness 

and long-term stability, a balance that, ideally, should be tailored for each specific application. 

Ce-TZP systems can benefit from a high degree of transformation-induced plasticity and high 

toughness [5, 23-25, 51], making them highly suitable for obtaining such balance between 

strength, toughness and long-term stability in water-rich environments. The most critical 

challenges in these systems is thus to refine the microstructure, optimize the degree of phase 

transformation and better understand the mechanical behavior laws [66]. 
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It is well known that processing nanocomposites is a promising strategy for inhibiting grain 

growth. Introducing an immiscible second phase like alumina to pin the grain boundaries can 

control the grain growth of zirconia. Finer microstructures lead to higher σc
t-m and steeper R-

curves slopes, but higher σc
 t-m may compromise the toughening extent in zirconia ceramics. In 

this sense, it may be advantageous to have additional toughening effects, like adding elongated 

phases which can also hinder the zirconia grain growth and further improve the toughness by 

crack deflection [26, 67-70]. The challenge of incorporating elongated third phases is to retain 

the fine and uniform microstructure without turning themselves into “critical defects”. Such 

Ce-TZP based-composites, with high flaw tolerance and narrow strength distributions, have 

been reported [11, 12, 21, 22, 25-42, 71]. Without achieving the very high strength of 3Y-TZP, 

Ce-TZP based composites can be made strong enough for most engineering applications, with 

a higher toughness and reliability (i.e. high Weibull Modulus) and a certain degree of plasticity 

[5, 12, 22-25]. However, it has to be admitted that, 40 years after the introduction of the concept 

of ‘Ceramic steels’ and 30 years after the first studies on ductile Ce-TZP [6-10, 20, 21, 51-57], 

their potential has not been fully exploited. There is indeed no application of this 

transformation-induced plasticity feature into real ceramic products.   

This paper therefore attempts to address the following issues: 

- How can we process ultra-fine Ce-TZP based composites and how can we reach the 

highest degree of strength and toughness?

- What is the mechanical behavior law of a highly transformable (ductile) zirconia 

composite and what can be the extent of plasticity achievable with such materials? 

- Can we talk about transformation-induced plasticity? 

- What are the benefits and drawbacks of highly transformable zirconia systems and what 

can be the targeted future applications?

III. Processing challenges and experimental methods (Ce-TZP composites)

General challenges in processing ultrafine ceramic composites

Over the past few decades, the mechanical properties of structural ceramics have been 

substantially improved thanks to the development of ceramic nanocomposites [15]. These 

composite materials are typically processed by adding fine particles/whiskers/elongated phases 

to different ceramic matrix (oxides and non-oxides) with the aim of refining the microstructure 
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(increasing strength and hardness) and/or to promote other toughening or high temperature 

strengthening mechanisms [16-19].

In the case of zirconia-based composites, the progress made to combine strength and toughness 

in a unique material stems not only from a better understanding of toughening/strengthening 

mechanisms but also from improvements achieved in the processing of nano-powders and the 

capability of developing complex microstructures at the nanoscale. 

Typically, ceramic composites are processed by mixing appropriate quantities of commercial 

or synthesized powders in aqueous suspensions. After the dispersion step (through ball-milling, 

attrition milling, planetary milling, etc.), the slurry can be slip-casted onto a porous mold and 

then sintered (natural sintering usually at T > 0.5Tmelting) or dried (spray-drying or natural drying 

followed by dry-milling) in order to obtain a granulated powder. The latter is then pressed (by 

uniaxial pressing or cold isostatic pressing) and sintered or pressed and sintered at once (by hot 

pressing, hot isostatic pressing, Spark Plasma Sintering etc.). Ultimately, preparing ceramic 

composites with homogenous and controlled microstructure requires optimizing both powder 

synthesis and processing. 

Zirconia-based composites can be prepared from milling and mixing powders [72]. However, 

this processing route often yields to materials with coarser microstructures than those obtained 

with bottom-up approaches. The so-called colloidal processing based on sol-gel methods 

enables development of ultrafine materials, but it is more complex and, frequently, the use of 

expensive organic precursors such as metal alkoxides is required [73]. Since 2000 onwards 

various surface modification techniques have been used to produce composite powders from 

pure zirconia powders and inexpensive inorganic salts [74, 75]. Starting from a commercial 

powder, the surface of particles is first coated by precursors of second phases which are then 

crystallized during thermal treatment. In this manner, the mixing between the matrix ceramic 

particles and the precursor is realized at the nano/atomic level and composite materials with a 

very homogenous second phase distribution can be obtained [74, 76].                                                                         

In the case of alumina-rich composites, a modified processing route which consists in doping a 

commercial alumina powder with alkoxides has been used to process very homogeneous 

alumina-based composites. These have a relatively low quantity (< 5 wt.%) of secondary 

intergranular nanophases of zirconia, yttrium aluminium perovskite (YAP), yttrium aluminium 

garnet (YAG) and/or mullite, thereby increasing the effectiveness of the reinforcement 

mechanisms operating in these nanocomposites and also the creep resistance [77, 78].
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Previous attempts and state of the art: processing of Ce-TZP based composites 

Table 1 shows the properties of some Ce-TZP composites developed these past 30 years. The 

concept of “ceramic composite” was for the first time applied in 1989 to Ce-TZP ceramics with 

the aim of increasing the hardness and Young modulus by adding alumina particles [32]. Since 

then, several authors have developed alumina/Ce-TZP composites from in-lab synthesized 

powders or pre-mixed and spray-dried commercial powders, which were often subjected to 

Cold Isostatic Pressing (CIP) and conventional sintering and in some cases to Hot Isostatic 

Pressing (HIP) [11, 12, 21, 25, 26, 32, 37, 38, 43, 45]. It was observed that when 20 wt.% of 

Al2O3 is added to 12 mol.% Ce-TZP, the presence of alumina particles of 0.5 µm limited the 

zirconia grain size from 3 to about 1 μm [33, 34]. Very high toughness and strength values (9.8 

MPa.√m and bending strength of 950 MPa) have been also reported in 1998 [35] for an intra-

granular type 10Ce-TZP/30vol.% Al2O3/ 0.05 mol.% TiO2 composite in which 10-100 nm sized 

Al2O3 particles were trapped within the ZrO2 grains and vice versa [36] (Figure 3).

The above 10Ce-TZP based materials were classically processed from dispersed commercial 

powders, which were subsequently dried, calcined, sieved, uniaxially and CIP pressed and 

conventionally sintered at T< 1550°C for 2h. Thanks to strict control of the composition, the 

mechanical properties were optimized, giving rise to the US patent 7928028 and the commercial 

product named NANOZR (Panasonic Electric Works, Japan) with a reported bending strength 

of 1290 MPa and a toughness of 8.6 MPa.√m [37]. More recently, a composite of 10Ce-

TZP/16vol% MgAl2O4 combining high strength (~900 MPa) and very high toughness (15 

MPa.√m) was also successfully developed [38]. According to the authors, the grain size 

reduction achieved by developing inter-intragranular composites (10Ce-TZP and Mg-spinel 

grain sizes were 0.5 and 0.2 µm respectively) increases the critical stress to induce t-m zirconia 

phase transformation, while still maintaining a high level of transformability. A further increase 

in toughness achieved by  activating additional bridging/crack deflection mechanisms is also 

expected with the use of elongated second phases (SrAl12019, LaAl11O18, MgAl2O4…) [41]). 

Nevertheless, the exact role of such platelets on toughness, even if quite obvious in principle, 

has not been clearly elucidated.

In the case of alumina-rich systems, the commercial product named BIOLOX Delta (CeramTec 

AG, Germany) which is a Zirconia Toughened Alumina (ZTA) consisting of 80 vol.% Al2O3, 

17 vol.% ZrO2 and 3 vol.% SrA12O19 platelets shows excellent stability, wear resistance and 

mechanical properties. Flexural strength of 1150 MPa and toughness of 5.9 - 8.5 MPa.√m were 
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reported [79, 80]. Small quantities of Y2O3 (0.6 wt.%) and Cr2O3 (0.3 wt.%) are also added to 

the raw materials in order to increase zirconia stability, and hardness and wear resistance, 

respectively [71] (Figure 4). Ceria has also been used to improve the stability of zirconia in 

ZTA materials [40] as well as other elongated phases such as CeMgAl11O19 (obtained by co-

precipitation methods and mixed with zirconia and alumina powders [41]) or LaAl11O18 

(crystallized in-situ during sintering from La2O3 [42]).

In the case of zirconia-rich systems, Cutler et al. developed in the 90’s tri-phasic 12Ce-

TZP/Al2O3/SrAl12O19 composites, with Ce-TZP grains of 1-3 µm, equiaxed Al2O3 grains of 

0.1-1 µm and SrAl12O19 platelets of 1-3 µm in length [21]. Depending on the composition, 

fracture strength in the range 500-700 MPa and fracture toughness of 10-15 MPa√m were 

measured. These composites were processed by mixing Al2O3, Ce-TZP (12 mol.%) and SrZrO3, 

the latter being the source of SrAl12O19 platelets. Zirconia-based composites may be also 

processed by the alkoxide route described above, allowing a fine tuning of microstructure and 

composition [77, 81-83]. 

At this stage, it is pertinent to address the issue of the redox behavior of Cerium. Cerium ions 

can present both the Ce+4 and Ce+3 oxidation state. As stabilizing agent for zirconia, for reasons 

already recalled in section II, Ce+4 is preferred to Ce+3 [84-86].The internal part of 

ceria/zirconia composites can however undergo the Ce+4/Ce+3 reduction even when sintered in 

air, and this may be detrimental for the structural stability of the component (this fact can be 

detected even with the naked eye, since the zirconia parts with Cerium oxide in the Ce+ 3 state 

(Ce2O3) tend to have a greyish color rather than the pale yellow of Ce-TZP with Ce+4; 

ultimately, though, the presence of Ce+3 can be confirmed by X-Ray Photoelectron 

Spectroscopy (XPS) analysis [87]. Indeed all processing/firing conditions of Ce-TZP 

composites must be designed in order to avoid Ce+3 appearance, but practically, the issue is 

relevant only for dense pieces thicker than about 1 cm: below this dimension, if sintered in air 

with a convenient cooling rate, Ce+4 is the dominant oxidation state [88].

The two approaches to process Ce-TZP - Al2O3 - SrAl12O19 composites presented in this 

work

The above-mentioned literature shows that tri-phasic systems are promising to obtain Ce-TZP-

based composites with high toughness and high strength, thanks to a careful microstructural 

engineering. The combination of this approach with post-doping strategies (e.g. surface 

modification of a Ce-TZP powder with inorganic precursors, which then gives rise to composite 
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nano-powders) allows a further degree of refinement, as shown in previous studies [11, 12, 74, 

75, 77]. 

Post-doping route

In order to obtain ultrafine tri-phasic ceramics, composite powders were prepared by an 

innovative surface coating route, developed at the Politecnico di Torino by Palmero et al. [11]: 

commercial zirconia powders were coated by inorganic precursors of the second phases which 

crystallize on the surface of the zirconia particles under appropriate thermal treatment. 

basically, a commercial 10 mol.% ceria-stabilized zirconia powder (Daiichi Kigenso Kagaku 

Kogyo Co. LTD, Japan), referred to as 10Ce-TZP, was employed as raw material. The powder 

was then dispersed in a water-based slurry, which was then doped by a drop-wise addition of 

nitrates of Aluminum, Strontium and Cerium to obtain composite powders having the following 

composition after thermal treatments: 84 vol.% ZrO2, 8 vol.% Al2O3, 8 vol.% SrAl12O19 

(referred to as ZA8Sr8) and with different degrees of ceria in the zirconia phase. Composite 

powders were then obtained by drying the slurry with the precursors attached at the surface of 

the zirconia particles and then with further thermal treatments yielding the secondary alumina 

and aluminate phases. The powders were then dispersed in water and slip-casted, under 

conditions reported in [11]. An example of the microstructure obtained with these composite 

powders is shown in Figure 5: zirconia grains (Z) of 0.6 ± 0.2 µm, alumina grains (A) of 0.3 ± 

0.1 µm and strontium aluminate grains (S) with a mean length of 0.6 ± 0.2 µm and aspect ratio 

(length/width) of 5 ± 2 were developed after conventional sintering at 1450°C-1h. The method 

thus allows a very precise and easy tuning of the ceria content, as well as ultrafine 

microstructures not previously achieved, and it has been patented [89]. However, industrial 

needs require easier processing, with more conventional powder-mixing and pressing 

techniques: therefore a more standard route was also attempted as a benchmark, as explained 

below. 

Standard powder-mixing route

Zirconia-based composites with 11.0 and 11.5 mol.% CeO2 contents obtained by industrial 

processing (i.e. isostatic pressing of a spray dried composite powder composed of 84 vol.% Ce-

TZP, 8 vol.% Al2O3 and 8 vol.% SrAl12O19 and conventional sintering) were also investigated 

[22]. For all the composites sintered conventionally at 1450°C-1h  (Figure 6), the grain size of 

zirconia (Z) was 1.0 ± 0.3 µm, the grain size of alumina (A) was 0.3 ± 0.1 µm, the length of the 

aluminate platelets was 1.7 ± 0.5 µm and their aspect ratio (length/width) 5 ± 2 [22]. The 
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industrial processing of the studied composites led to a larger size of the zirconia and aluminate 

elongated phases, in comparison to those developed by a surface modification strategy and slip-

casting.

Choice of samples for testing

Due to the difficulty in obtaining large batches of materials through the post-doping method, 

the characterization of these samples was limited to: i) spontaneous transformation 

temperatures Tt-m, ii) biaxial bending strength and iii) toughness (Single-Edge-V-Notched 

Beam (SENVB)). The effect of the composition (mainly the Ceria content) and of the sintering 

temperature on these properties were also thoroughly investigated. 

On the other hand, to determine the mechanical behavior laws of more transformable 

composites and to characterize the mechanical properties with different testing geometries 

(biaxial bending, four-point bending, pure tension, load to failure of dental implants, 

compression of additive-manufactured samples), a large series of samples was processed by the 

powder-mixing route, in a pilot-plant.

Piston-on-three balls biaxial bending strength was determined from samples with a diameter of 

15 mm machined on both sides in order to have opposing flat surfaces, with a thickness of 1.2 

± 0.2 mm. For toughness and four-point bending strength measurements, ceramics were 

machined on all sides to a rectangular cross section of (4.0 x 3.0) ± 0.2 mm x 50 mm. Final 

machining of tensile surfaces was performed by grinding with a 16 m diamond grinding tools  

(CNC with DMU60 mono BLOCK®, DMG, Germany). The notches (SENVB) were 

introduced using a diamond-loaded cutting wheel 300 m in thickness across the 3 mm wide 

surface perpendicular to the length of the bar, and then sharpened using a razor blade and 3 m 

diamond polishing grit (notch depth in the range of 0.8–1.2 mm, notch-tip radius of less than 

10 m). In order to minimize the effect of residual stresses developed during sample 

preparation, an annealing treatment was applied (1200°C-30 min). According to the ISO 

standard 6872 [90] no annealing treatment was applied for biaxial strength measurements. The 

cross-head speed was set to 0.5 mm/min (for toughness) or 1 mm/min (for strength) until failure. 

In addition, in order to better characterize the t-m phase transformation during subsequent steps 

of loading, the tensile surface of a number of samples of each composition was polished using 

1 m diamond paste before being submitted to load-unload tests.

Page 13 of 77

Journal of the American Ceramic Society

Journal of the American Ceramic Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Tensile test were also performed on machined “bone-shaped” samples (total length of 60 mm, 

central diameter 2.5 mm and terminal diameter 5 mm) on a hydraulic MTS tensile machine. A 

clamping hydraulic pressure of 5 MPa was used to prevent the samples from sliding inside the 

jaws. The tests were performed at a speed of 0.05 mm/min. Both load-unload and load to failure 

tests were performed on the tensile samples. Strain was measured directly on the samples by 

means of a displacement transducer.

As introduced before, and to highlight ceramics exhibiting a relatively high degree of ductility, 

dental implant prototypes and additive-manufactured samples were also prepared and tested. 

Both processing and testing will be described in section V.

IV. Mechanical behavior of ductile Ce-TZP-Al2O3-SrAl12O19 composites

Dopant concentration and microstructural effects on transformation and 

strength/toughness relations 

The development of zirconia-based composites with a significant amount of ductility implies a 

sufficient propensity towards t-m transformation at ambient temperature. Adjusting the 

transformation-ability is possible via the amount of dopant (ceria content) and microstructure 

control (zirconia grain size). The t-m transformation temperature (Tt-m) was measured on 

cylinders suspended above a liquid nitrogen bath, progressively cooled below ambient. The 

surface temperature of the samples was monitored with thermocouples during cooling and the 

temperature at which the samples spontaneously cracked (generalized transformation) was 

recorded. Figure 7 shows the evolution of the spontaneous t-m transformation temperature 

(without any applied stress) of sintered ceria-doped zirconia / 8 vol.% Al2O3 / 8 vol.% SrAl12O19 

composites as a function of the ceria content in the zirconia phase and the sintering temperature, 

for the two types of processing methods described above (i.e. post-doping and powder mixing 

respectively). As expected and already discussed in the literature on other zirconia systems, Tt-m 

decreases with increasing amount of stabilizer [91-94] and with a refinement of the 

microstructure, [10, 91-95], which, in turn, can be obtained through a decrease of the sintering 

temperature and/or by a modification of the powder synthesis (post-doping route, as proposed 

in [43, 92] giving a much finer, sub-micron microstructure). As Tt-m, and thus the 

transformability, decreases with the amount of stabilizer, KIC obviously decreases with the 

amount of CeO2 in the zirconia phase, as shown in Figure 8, obtained for the composites 

processed through the post-doping route. On the other hand, Figure 8 also shows that measured 
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strength passes through a maximum. This peculiar behavior cannot be explained solely by 

standard fracture mechanics equations, but rather by invoking a transition to a ‘ductile’ behavior 

(transformation before failure) for low stabilizer content and a ‘brittle’ response (crack 

propagation and transformation around the propagating crack) for higher stabilizer amount. 

This is in line with the results and analyses of Swain and co-workers [20, 96] and with those 

reported in other earlier studies dealing with monolithic Ce-TZP (see Panel A). 

The limitation of the strength in highly transformable zirconia-based materials is governed by 

the critical stress necessary to induce the t-m zirconia phase transformation. This is shown in 

Panel B, for which we show that for a high transformability, the mechanical behavior law can 

be approximated as almost purely elastic-plastic. In other words, the critical stress for 

transformation  corresponds roughly to the elastic limit  and thus (for a purely elastic- 𝜎𝑐
𝑡 ― 𝑚 𝜎𝑦

plastic behavior) to the maximum acceptable stress  :  𝜎max 1

      (2)𝜎max 1~ 𝜎𝑦~𝜎𝑐
𝑡 ― 𝑚

In this regime, the higher the amount of stabilizer, the higher the critical stress for 

transformation and thus the higher the possible strength. In contrast, for a larger amount of 

stabilizer, failure precedes transformation: t-m transition occurs only when a crack propagates 

from a stress concentration site such as a pre-existing processing flaw. We move then to the 

more classical theory of phase transformation toughening (transformation around a propagating 

crack) and the Irwin-Griffith equation, for which the maximum acceptable stress  is given 𝜎max 2

by:  

     (3)𝜎max 2~ 
𝐾𝐼𝐶

𝜋𝑐  

In this regime, which is also consistent with eqn. (1) for brittle ceramics, strength decreases 

when the stabilizer amount increases. This is schematically illustrated in Figure 8.b. A 

maximum in strength is obtained when σmax1= σmax2. This maximum can also be optimized by 

careful process control and decrease in defect size. In other words, the lower the defect size 

induced by the process, the higher the maximum in the strength-toughness relation. The load 

displacement curves of biaxial bending samples (see Figure 9), with different amounts of CeO2 

also illustrate the different mechanical behavior of ductile (10 and 10.5 mol.%) and brittle (11.5 

mol.%) composites. Load-unload tests illustrate the inelastic strains in the ductile composites 
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after unloading, with no apparent modification of the stiffness (no apparent damage). This latter 

aspect is addressed in detail hereafter. 

As microstructural features are almost identical in these samples with different ceria amounts, 

the strength variation is attributed to the different degree of zirconia stabilization. In less-

stabilized samples (containing 10.0 and 10.5 mol.% ceria), zirconia transformation starts before 

crack propagation and the strength depends on the critical transformation stress σc
t-m. For higher 

ceria contents (i.e. 11.0 and 11.5 mol.% ceria), as zirconia becomes less transformable, the 

transformation is hindered and it occurs only around the crack as it propagates from a pre-

existing processing flaw. The maximum strength is obtained for the intermediate (10.5 mol.%) 

ceria content, for which  the critical stress for t-m transformation, σc
t-m and the defect-related 

strength are equal, i.e. when σc
t-m σmax1  σmax2. Incidentally, this shows that small variations ~ ~

in dopant content (as well as microstructural features) play a critical role on the mechanical 

behavior laws in these systems, which emphasizes again the influence of processing robustness 

on the final properties.  

Figure 10.a shows the superposition of an optical microscopy image (Nomarski contrast) and 

a monoclinic/tetragonal Raman maps obtained by analyzing the tensile surface of a biaxial 

tested disc (10.5 mol.% ceria) after unloading. These maps were already described in [12]. A 

large transformation zone is observed (few millimeters in diameter), in which the monoclinic 

content can reach 60 vol.%, with compressive stresses as high as 1GPa, measured after 

unloading (Figure 10.b). The stress values of Figure 10.b are determined for the t-zirconia 

phase. Stress partitioning between the different phases is to be expected; indeed a detailed stress 

analysis on partly transformed Ce-TZP/Al2O3 composites has indicated that the overall average 

stress, intended as the hydrostatic stress in each phase weighted over the volume fraction of that 

phase, is indeed very highly compressive in transformed regions [97]. It is noted that these 

compressive stresses were (and generally are) measured after unloading and not in-situ. It is 

more likely a saturation of the maximum tensile stress at the transformation stress  which 𝜎𝑐
𝑡 ― 𝑚

occurs in the region of very localized highest applied stresses (i.e starting from the center), is 

associated with a redistribution of the stress field, as schematically depicted in Figure 10.c. 

This shielding of the applied stress is quite similar to that occurring in metals, when plasticity 

occurs in regions of high applied stresses. This stress shielding explains, in part (see Panel B), 

the apparent very high biaxial flexural strength. A schematic picture of stress variations across 

the diameter of the disc, from the center to the border, comparing conventional non-
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transformable ceramic and with transformable ceramics, during loading and after unloading, is 

shown in Figure 10.c. Such a shielding effect may have important beneficial implications in 

structures for which the stress field is heterogeneous, with stress concentrations in some areas 

such as around the notches associated with the screw thread in dental implants. On the other 

hand, such benefits are only possible if this is true plasticity and if no damage (micro-cracking) 

is associated with the transformation. The question is all the more important in that the t-m 

transformation is associated with both hydrostatic and deviatoric components (quite large 

volume expansion and shear strains). 

Is it real plasticity? 

Figure 11 a. shows the stress-strain curve of a ZA8Sr8Ce11-1450°C  (84 vol.% ZrO2 doped with 

11 mol.% of Ceria, 8 vol.% Al2O3, 8 vol.% SrAl12O19, sintered at 1450°C) composite tested in 

tension, processed here by the powder-mixing method with the aim of obtaining a sufficient 

number of test specimens. As more comprehensively discussed in Panel B this curve shows 

that the composite processed under these conditions exhibits a significant amount of plasticity 

for a ceramic before failure (plastic strain of ~ 0.5%). Such a degree of plasticity is related to 

the capability of the material to transform at low applied stresses, associated with a high Tt-m 

temperature (-42°C, see Figure 7), quite close to ambient. Load-unload sequences were 

conducted at difference stages during the test to evaluate the evolution of the stiffness versus 

applied strain. A small decrease of the Young’s modulus versus applied strain (i.e. versus the 

proportion of transformed monoclinic phase in the material) is observed in the last few load-

unload cycles, which could be attributed either to the presence of micro-cracks or to the fact 

that m zirconia exhibits a lower stiffness than that of the t phase (Figure 11.b). Unfortunately, 

no experimental data exists in the literature about Young’s modulus of ceria-doped monoclinic 

zirconia and numerical simulations may give different conclusions depending on the binding 

potentials assumed for atomistic scale simulations [98]. To assess the key question of the 

absence or presence of micro-cracks (and damage) associated to the transformation, thin foils 

taken from a transformation band were prepared by Focused Ion Beam (FIB) milling and 

examined by Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) (Figure 12). SEM images show that the transformation zone does not exhibit micro-

cracks, as it was concluded in the past on Mg-PSZ by Liu et al. [52], except at few grain 

boundaries located at the surface. These micro-cracks are limited to 1 micron depth. Below 1 

micron depth, no micro-cracks are observed. TEM characterization confirmed that no micro- 
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(or nano-) cracks were present inside the transformation bands, except locally at the surface. 

The mechanical behavior law can therefore be considered as purely elasto-plastic, which is in 

agreement with a previous paper by Zhe et al. [57] (see also Panel B). The presence of a few 

micro-cracks localized at the surface of the transformation bands cannot explain by itself neither 

the small variation in Young’s modulus, which can then be attributed to a less stiff monoclinic 

phase, nor the amount of plastic strain observed. However, further static/cyclic fatigue tests are 

necessary to assess whether micro-cracks of very small dimensions at the surface could be 

detrimental in the long term.

TRansformation Induced Plasticity (TRIP) : relation between transformation bands and 

plastic strain

Figure B-5 a. shows the features of transformation bands in the composite processed by the 

mixing route, just after failure by 4-point bending. The bands are clearly visible on the tensile 

side of the samples. It is interesting to note that the bands are not randomly, but regularly, 

dispersed. They are absent on the compressive side of the samples(not shown). 

Knowing the size of the transformation bands and their density at the surface, as well as the t-

m transformation ratio in the bands, it may be possible to calculate the macroscopic strain 

associated to the transformation. Both Raman spectroscopy and Transmission Kikuchi 

Diffraction (TKD) in a Scanning Electron Microscope (not shown here) revealed that only a 

portion (  of the tetragonal grains were transformed toward the 𝑉𝑚 ≈ 25 𝑣𝑜𝑙.% ± 5%)

monoclinic symmetry in the bands during the 4 point bending tests (which is below the 

measured monoclinic content in the transformed zone in biaxial bending). Being  the 𝑉𝑍𝑟𝑂2

fraction of zirconia in the composite (84 vol.%) and  the density of transformation bands (% 𝑑𝑡𝑏

of surface transformed) at failure, the strain due to the t-m transformation induced plasticity is 

given by : 

(4)𝜀 = 𝑉𝑚 ∙ 𝑉𝑍𝑟𝑂2 ∙ 𝑑𝑡𝑏 ∙ (𝜀𝑣𝑜𝑙 + 𝜀𝑠ℎ𝑒𝑎𝑟)

In this equation,  are the volume and shape strain amplitudes of the t-m 𝜀𝑣𝑜𝑙 𝑎𝑛𝑑 𝜀𝑠ℎ𝑒𝑎𝑟

transformation respectively. More precisely,  is the strain (in the direction of tensile stress) 𝜀𝑣𝑜𝑙 

induced by the volume expansion of the grains and  is the shear of the lattice associated 𝜀𝑠ℎ𝑒𝑎𝑟

to the t-m transformation. 
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Taking only the shape strain amplitude  with a value of 0.0167 [59] (i.e. neglecting the shear 𝜀𝑣𝑜𝑙

component of the transformation) and a density of transformation bands (area of the bands 

divided by the total area in tension) from Figure B-5 a. equal to 0.10, gives a macroscopic 

strain of 0.035%, which is far lower than observed experimentally and calculated by the inverse 

method described in Panel B (0.55% plastic strain). Therefore, the shear component of the 

transformation is the major part of the observed total strain. Taking a shape strain amplitude of 

0.16 [59, 99] then gives a macroscopic strain of 0.37%, which, given the uncertainties in the 

estimations of  is in line with the measured macroscopic strain. 𝑉𝑚, 𝑉𝑍𝑟𝑂2𝑎𝑛𝑑 𝑑𝑡𝑏

The shear component is often neglected in the analysis of the deformation induced by the t-m 

transformation [8, 99]. The current analysis clearly shows that it is the Transformation Induced 

Plasticity (TRIP) effect in zirconia which is the most important contribution to the deformation. 

Future work may seek to investigate textures of the transformation grains inside transformation 

zones.  

Flaw tolerance  

Using the stress superposition argument, the transformation zone in zirconia systems can be 

considered as a process zone, in which the externally applied stress is “shielded” (that is 

reduced) by the stress caused by the transformation of tetragonal grains to monoclinic 

symmetry. The concept of a process (‘plastic’) zone ahead of the crack tip as defined by Ashby 

[100] is thus relevant to calculate the flaw size above which a given material behaves as fragile 

or ductile. Figure 13 is a chart of fracture toughness versus yield stress, often used to compare 

material’s behavior in relation to the risk of brittle failure. The diagonal lines show the process 

zone size diameter, d, where:

     (5)𝑑 =  
𝐾𝐼𝐶

2

𝜋𝜎𝑦
2  

The evaluation of the process zone diameter from the toughness (see Figure 8) and elastic limit  

measured for a Ceria content of 11 mol.% (i.e ~10MPa. m and 500 MPa respectively,  see 

 gives a process zone diameter of around 100 microns, in line with the transformation 𝐏𝐚𝐧𝐞𝐥 𝐁)

zone observed in this system [98] and section II. The same consideration for 3Y-TZP ceramics 

would give a process zone diameter of one to few microns, which is again in line with 

transformation zones generally observed in this material [60]. Such a simple consideration 
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allows also to predict that ZA8Sr8Ce11-1450°C composites processed through the standard 

powder-mixing route would remain ductile even if processing defects of around 100 microns 

are present. Figure 14 illustrates the very high flaw tolerance of such ductile ceramics, by 

showing two tensile stress-strain curves obtained on samples with and without a large 

processing defect ( 150 m observed on the fracture surface). The stress-strain curve is not 

significantly affected (although the strain to failure is somewhat lower).

Figure 15 is a Weibull plot obtained for the ZA8Sr8Ce11-1450°C composite (processed through 

conventional powder-mixing) and for a benchmark, medical grade (HIPed) 3Y-TZP using two 

loading configurations (4-point bending and biaxial piston-on-three-balls testing). From the 

probability-stress curves, typical Weibull moduli between 12 and 17 are extrapolated for 3Y-

TZP, while values around 30 are observed for the Ce-TZP based composite. Such high Weibull 

moduli were previously reported [12, 22, 101] for highly transformable Ce-TZP systems. The 

difference between 4-point bending and piston-on-three-balls mechanical behavior cannot be 

imputed to a size effect in the Weibull analysis (different volumes of samples) but rather to a 

difference in stress distribution and, hence, to transformation features, as discussed in Panel B. 

It has to be recognized that 4-point bending strength of 3Y-TZP remains almost twice higher 

than the Ce-based composite and that the benefit of using a ‘ductile’ or ‘fragile’ zirconia 

ceramic may depend on the actual loading configuration (application, displacement or load 

controlled, heterogeneous or homogeneous stress distribution), size and geometry of the 

product and defects generated through the processing. Admittedly, the same comparison i.e 

between 3Y-TZP and the optimal grade of composites processed by post-doping route would 

be conclusive, but this was impossible at the time of writing, due to the limits in processing 

large batches of powders by this synthesis method.

V. Potential Applications of ductile ceramics: case study on implants and additive-

manufactured ceramics 

Advantages and drawbacks

Case study 1: dental implants with a high tolerance to surface modifications

Implant prototypes were processed from the ZA8Sr8Ce11 zirconia powder described previously 

(powder mixing). The powder was granulated by spray drying and cold-isostatically pressed 

(300 MPa) in the form of cylindrical bars of diameter 5.1 mm. Bars were sintered at 1450°C 
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for 1 hour and then machined in the sintered state to final shape (see Figure 16) by hard milling-

turning process on a 5 axis Computer Numerical Control (CNC) milling center. Prototypes were 

machined to a final diameter of 3.4 mm, which represents the lowest and most challenging 

dimension for ceramic implants. It is generally accepted that machined surfaces are not optimal 

to favor bone integration [102-106] and there is a consensus to consider that a certain surface 

roughness Ra ~1-1.5 microns improves osseointegration and mechanical anchorage with bone 

[102-106]. Several strategies are thus explored to obtain such rough surfaces, the most common 

being sandblasting and chemical etching. Other surface modifications are today proposed for 

ceramic implants, as laser patterning [107-109] or injection molding in matrices [110] with the 

targeted roughness. As sandblasting followed potentially by chemical etching is the most 

commonly developed strategy, such treatments were tested in this case study. Sandblasting was 

conducted with 150 µm alumina particles at 3.5 bars, leading to a roughness (Sa) of 1.3 microns 

(measured using a white-light optical interferometer). When followed by etching (in HF/HNO3 

for 3h at Room Temperature (RT)), Sa was decreased to 1.0 micron, but an additional surface 

topography was created at the grain scale (see Figure 17). An additional thermal treatment was 

conducted on some of the prototypes to release potential residual stresses associated to different 

surface treatments. This annealing was performed at 1350°C, (i.e. above the m-t transformation 

and below the sintering temperature). 

Load to failure tests on hard machined 3.4 mm diameter implants were performed following 

ISO14801 geometrical prescription [111], so as to follow the most usual and severe testing 

method for dental implants. The implants were embedded in an epoxy resin having a stiffness 

similar to bone (RenCast CW 5156/HY5158, with a Young’s modulus of 5.8 GPa). The 

embedding level was 3 mm below the intended initial bone crest position around the implant to 

simulate bone resorption, as specified in ISO 14801. The implants were loaded to failure at 30° 

angulation with respect to the vertical axis at a crosshead speed of 5 mm/min. 4 implants were 

tested for each surface feature. Several surface states were compared: as machined (hard milling 

process on a 5 axis CNC milling center), machined + sandblasted (alumina particles) or 

machined + sandblasted + chemically etched. 

Figure 17.a shows the load to failure values obtained on the prototypes as a function of the 

surface treatments conducted. They are compared to publically available data for other ceramic 

(3Y-TZP based) implants [112-117]. Values are similar irrespective of the surface treatments, 

ranging from 336 N in average after machining down to 286 N following sandblasting, etched 

and then annealed prototypes in which residual machining/sandblasting stresses were relieved. 
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These values appear quite modest when compared to data already reported by manufacturers of 

3Y-TZP implants (~ 350 – 450 N [112 - 121]). On the other hand, load to failure results were 

very reproducible and the strength of implants was minimally affected by the type of surface 

treatment conducted. Given the limit of the study and the difficulty to compare implant 

strengths from public datasheets, especially because they have different sizes, designs and 

surface features, our results are consistent with the main advantages and drawbacks of such 

‘ductile’ ceramics: mechanical resistance is modest and associated with the moderate elastic 

limit of the material tested (500 MPa). As a reminder, implants were processed using a 

transformable ZA8Sr8Ce11-1450°C composite, processed by a standard powder-mixing route. 

Given the obtained load to failure value of 295 N for the most common surface treatment 

(sandblasting followed by etching), these implants of 3.4 mm made with the Ce-zirconia 

composite would be likely restricted to lateral incisor teeth and at least 4.0 mm diameter would 

be necessary for other locations [122]. On the other side, thanks to the benefits of flaw tolerance, 

variability in strength is very low, insuring a high reproducibility and reliability in strength data 

and a strong robustness against processing variability and surface treatments. At this stage, it 

must be noted that the prototype implants were not Hot-Isostatically-Pressed as is the case of 

most commercial 3Y-TZP implants to limit the risk of large defects. Another competitive 

argument for using Ce-zirconia composites is their resistance to Low Temperature Degradation 

(aging). Some prototype implants were aged in an autoclave at 134°C-2 bars for 5 hours 

following ISO 13356 [123]. They showed no evolution, neither in monoclinic content nor 

change in mechanical strength after the aging treatment. Doping with ceria leads to an absence 

of susceptibility toward chemically induced Low Temperature Degradation (aging) as ceria 

addition does not create oxygen vacancies in the lattice, which are associated to water-species 

diffusion and further destabilization in yttria-doped zirconia with time [59, 61], while 3Y-TZP 

commercial implants aged, although not visible by XRD but by Raman 

spectroscopy.Admittedly, there are some signs that large residual stresses, as introduced by a 

previous t-m transformation, might result in stress-driven (rather than chemical-driven) aging 

in Ce-TZP composites [124].

Such ductile composites may be seen as a potential option for manufacturing robust dental 

implants, with an acceptable maximum strength for a zirconia-based ceramic (around 600 MPa 

in 4-point bending configuration), but a high degree of flaw resistance, reliability and stability. 

Certainly, decreasing the ductility to a certain extent (but still in the ‘ductile’ range of the 

strength-toughness relationship) would further improve the mechanical resistance of the 
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implants. Again, as for mechanical testing, further development of composites processed 

through post-doping route or any method enabling finer microstructures, at a larger, industrial 

scale, would be welcome for practical applications. 

Case study 2: mechanical properties of additive-manufactured scaffolds

In recent years, Additive Manufacturing (AM) techniques have expanded fast, because they 

enable the customization of complex shapes and may reduce the duration and complexity of the 

manufacturing process. However, AM of ceramics has many challenges because, compared to 

metals, ceramics are less tolerant to processing-induced defects, while currently AM results in 

larger material defects than other well-established industrial technologies. For example, 3Y-

TZP commonly exhibits strengths higher than 1 GPa when processed by Cold Isostatic Pressing, 

while values in the range of 550-850 MPa were reported when shaped by stereolithography 

[125]. Hence, the ductile Ce-TZP based composites described above may have greater potential 

for AM, as scaffolds for which defects are inherent to the structure targeted or even as dense 

materials for which defects are undesired but generally present. 

Dense samples and scaffolds were printed using a robotic assisted deposition device (3D inks, 

Tulsa, OK, USA), often referred as robocasting or Direct-Ink-Writing. The printable paste was 

prepared by mixing the 33 vol.% ZA8Sr8Ce11 zirconia powders in a 25 wt.% Pluronic® F127-

based hydrogel solution. Mixing was performed using SpeedMixer (DAC 150.1 FWZ-K, 

Flacktek, Germany) at 2500 rpm and the paste was degassed by centrifugal loading at 5000 rpm 

for 10 min before placing in the syringes. Dense biaxial bending disks and 3D porous structures 

were built-up by extruding the paste though conical tips of 400 µm diameter at a speed of 10 

mm/s on flat Teflon-sprayed substrates in 95 % humidity and at 25°C. 

- Disks for biaxial bending were obtained by depositing the filaments in one direction. 

Distance between the filaments was 320 µm (80% of the filament) in the XY plane and 

336 µm (84% of the filament) in the Z direction. The starting filament was placed with 

160 µm offset with the previous layer in order to fill the gap between filaments.

- Cylindrical 3D porous structures were deposited with strut-to-strut distance of 800 µm 

(in the XY plane) and distance between the filaments in the Z direction was 320 µm 

(i.e., 20 % overlap).

- Two 3D structures with different porosities were printed: one with a reinforcing dense 

rim and one without rim reinforcement. 
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Following printing, the structures were dried for 60 hours at a temperature of 60°C while at the 

same time decreasing the humidity from 95% to 30%. De-binding and sintering were performed 

at 600°C for 3 h and 1350°C for 1 h, respectively. 

Samples of cylindrical 3D structures ( 10 mm x 10 mm in height after sintering) were used 

for compression tests at 0.5 mm/min, while disks ( 12 mm x 1.5 mm in thickness after 

sintering) were used in piston-on-three-balls bending.  

The robocasting method did not develop full density struts after sintering and in case of ‘dense’ 

biaxial disks only 86 % of theoretical density was achieved. Figure 18 shows the architecture 

of the 3D porous structures (with and without the reinforcing rim) and the microstructure of the 

materials at two scales. Interestingly, although the samples obtained exhibited a relatively high 

degree of residual micro-porosity (14 %), biaxial flexural strength reached 850 ± 22 MPa (N=8). 

We also observed dramatic improvements in the compressive strength of the 3D porous scaffold 

made from this composite, when compared to the literature, even with high porosities (40 % - 

60 %) (Figure 19). Values obtained for these samples are well above those reported so far in 

the literature [126-136]. Therefore, such metal-like behavior and defect-tolerant properties of 

the investigated ZA8Sr8Ce11 material appear to be an excellent option for additive 

manufacturing technologies. These preliminary results will be complemented by further 

analysis of defect size – strength relations in this system, as well as a comparison with Y-TZP 

processed under the same conditions, in an upcoming paper. Another consequence of these 

results is that, contrary to most brittle ceramics including Y-TZP, it is possible to process porous 

biocompatible structures with a lower stiffness, which is favorable in terms of decreasing stress-

shielding with bone, without compromising strength. This can also be exploited for implants in 

contact with bone, for which the high stiffness of ceramics is generally considered a drawback. 

VI. Perspectives and Concluding remarks

Even though, as was sometimes reported in previous literature, transformation-induced ductility 

of some zirconia ceramics has been certainly under-exploited to date. The high flaw tolerance 

and higher reliability, along with the associated absence of chemically-driven low-temperature 

aging, the present work has shown Ceria-doped zirconia based ceramics and composites may 

be tailored so as to achieve high strength and toughness (for the ‘optimum’ of the strength-

toughness relation), or a larger propensity of transformation induced plasticity associated with 

still higher toughness. Such ceramic composites with a toughness of more than 10-15 MPam, 
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a rising R-Curve and an elastic limit of 500 MPa, may compete with bio-inspired ceramics, 

which are considered today at the forefront of ceramic research, while being readily accessible 

using conventional ceramic processes. Better than competing, the combination of phase 

transformation toughening with a clever microstructural architecture may reveal an interesting 

field of research, as gradients of transformation from the surface towards the core of a material 

may be achieved. Laminated structures through tape casting or additive manufacturing or even 

the combination with self-diagnostic ability by the incorporation of a conductive network or 

wires inside structures without compromising strengths thanks to the defect-tolerant character 

of the base-ceramic can be also designed. This paper has confirmed that toughness (and thus 

ductility) cannot be increased to values exceeding 10 MPam without compromising strength, 

which still remains modest when compared to 3Y-TZP materials. The future of such 

composites, in order to achieve maximum strength will certainly rely on our capacity to process, 

with scalable methods, ultra-fine and homogeneous powders and materials, which may then 

provide even greater potential in term of strength-toughness relations. The concept of strength 

limitation of transformation-toughened zirconia alloys discussed in the 80’s still remains, but 

the effect of micro- (nano-) structure on such strength-toughness relations is still a matter of 

scientific and technological interest.   
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Panel A. Zirconia Systems:  Phase Transformation Toughening and Strength-Toughness 

Relationship

Transformation toughening was first described in TRIP (Transformation-Induced Plasticity) 

steels and wear-resistant cast irons (1968) [137]. The same phenomenon was then observed in 

a ceramic material (CaO-partially stabilized zirconia) in 1975 by Garvie et al. [6] and two years 

later, by Gupta et al. [138] in zirconia containing low percentage of yttria. In these stabilized-

zirconia systems, toughening is based on the retention of the metastable tetragonal phase at 

room temperature: when a crack propagates, the concentrated stress field at the crack tip enables 

t-crystals to transform into a stable m-phase and, the associated volume expansion, generates 

localized compressive stresses, which act against the applied stress intensity factor. This 

tetragonal-to-monoclinic phase transformation, which can be triggered by shear and/or 

hydrostatic tensile stresses [139], leads to a significant increase of the strength, due to the 

increase of the work of fracture rather than the reduction of the defect size, as classically 

observed in brittle ceramics. Depending on the cation (Ca, Mg, Y, Ce, rare earths oxides…) and 

the quantity of stabilizing agent added to zirconia, different materials can be developed. If an 

amount of transformable tetragonal phase is present within a matrix of cubic zirconia, one refers 

to Partially Stabilized Zirconia or PSZ. If zirconia is fully tetragonal following sintering one 

refers to Tetragonal Zirconia Polycrystals or TZP. The term ‘TZP’ is sometimes incorrectly 

used for yttria stabilized systems with 3-4 mol.% yttria, while phase diagram and current 

knowledge of these systems show that they are not fully tetragonal. Finally, Fully Stabilized 

Zirconia or FSZ is developed when the concentration of dopant is high enough for complete 

cubic stabilization (case of 8Y-FSZ) [140, 141].

In case of ceramics, the stress-shielding effect resulting from the transformation-induced strains 

near the crack tip was estimated using a linear elastic fracture mechanics model developed by 

McMeeking and Evans in 1982 [142]. A second model based on energy considerations, 

developed by Budiansky et al. in 1983 [143], allowed computation of the work of fracture due 

to the t-to-m transformation in zirconia. However, neither of these two models describes with 

precision the shape, size and volume of the transformation zone at the crack tip. Recently, a 

two-dimensional elastic phase field model proposed by Mamivand et al. [144] has simulated 

correctly the phase transformation nucleation at the crack tip and the development of 

compressive stresses, which lead to crack closure while the crack is under tensile loading. In 

the 80’s, Swain and co-workers [20, 96] showed that the mechanical properties of TZP materials 

depend on the contribution of the toughening mechanism: (a) at lower toughness (generally less 
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than 8-10 MPa.√m as in 3Y-TZP system [137], see Fig. A-1) toughening contribution is modest 

and the strength is limited by the flaw-size following the Griffith relationship (brittle behavior 

and transformation follows crack growth) while (b) at higher toughness (case of 9-10 Ce-TZP 

systems showing ductile-like behavior, see Fig. A-1), the strength is limited by the critical 

transformation stress to induce the t-m zirconia phase transformation taking place before crack 

propagation.

The critical stress to trigger the t-m transformation (σc
t-m) is primarily a function of the grain 

size and the type and quantity of stabilizing agent but can be also modified by residual stresses 

due to thermal expansion mismatch between grains and/or the presence of secondary phases. 

For a given dopant concentration, σc
t-m decreases with increasing grain sizes (grains smaller 

than a critical size cannot undergo the phase transformation under a given stress field) and at 

similar grain size and dopant concentration, the degree of stabilization depends on the type of 

dopant (e.g. adding yttria creates oxygen vacancies, which is the most efficient means to 

stabilize the tetragonal phase, while ceria relies only on lattice parameter changes [145, 146]). 

Obviously, for a given type of dopant, the lower the dopant concentration the lower the σc
t-m. 

In composites, σc
t-m decreases if residual tensile stresses are generated or increase when zirconia 

is put under compression. The magnitude and sign of internal residual stresses depends on i) 

secondary phase compositions, ii) the associated thermal expansion coefficients and iii) the 

presence of a preexisting t-m transformation [97]. 

The plot of strength versus fracture toughness for various PSZ and TZP systems (see Fig. A-2) 

shows that in Y-TZP, Ce-TZP and Mg-PSZ transformable zirconia, increasing toughness above 

8-10 MPa.√m is associated with a decrease in strength. This toughness values represent the 

frontier between the two different behaviors proposed by Swain and Rose [20]: it should be 

taken into account when designing zirconia-toughened-based engineering ceramics. In practical 

terms, if the objective is to develop maximum strength, it will be necessary to limit the 

transformability of the material while improving the processing, machining and final surface 

treatments applied to the product in order to reduce the critical flaw size. On the contrary, if the 

material to be developed must be flaw and damage tolerant (that is less sensitive to processing, 

machining and surface modifications), it will be more beneficial to increase the transformability 

and to adapt the product design to guarantee the maximum strength that will be limited by the 

σc
t-m. Practically, in the latter materials, the t-m phase transformation will take place before 

failure. 
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Among the more classical transformable zirconia systems, Y-TZP shows the highest 

mechanical strength (more than 1 GPa) but relatively moderate toughness [147, 148]. On the 

contrary, Ce-TZP can be very transformable (high fracture toughness) but at a lower maximum 

strength [149, 150]. In Ce-TZP the optimum fracture strength was observed for ceramics 

containing 10-12 mol.% CeO2 (about 500-600 MPa). This relative modest strength (in 

comparison to Y-TZP) is mostly related to the larger grain size of Ce-TZP. Therefore, from the 

late 1980s, many researchers have worked on hindering grain growth in Ce-TZP by adding one 

or more secondary phases (Al2O3, MgAl2O3, SrAl12O19…), developing Ce-TZP-based 

composites with strengths higher than 1 GPa [12, 35, 38, 43-45]. 

Another important feature shown in Fig. A-2 is that the addition of a secondary phase to Y-

TZP increases also the strength to 2.4 GPa, as reported by Tsukuma and Ueda [151] in 2Y-TZP 

composites containing 20-40 wt.% of alumina. According to these authors, the improvement of 

the strength from 1.4 GPa (pure 2Y-TZP) to 2.4 GPa is related to the presence of smaller flaws 

and the suppression of crack initiation by alumina. The effectiveness of Y-TZP additions to 

Al2O3 has also been studied and maximum bending strengths of ~1.6 GPa and toughness of 6.5 

MPa.√m were reached with 70 vol.% of Al203-3Y-TZP systems [152]. 3Y-TZP is one of the 

most commonly used ceramics to boost the strength of Zirconia Toughened Alumina (ZTA).
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Panel B. Mechanical behavior laws of highly transformable zirconia ceramics - 

importance of the test methods

Different methods are proposed in standards and publications for the strength measurements of 

ceramics. Among them, three- or four-point and biaxial bending tests are the most popular. 

They are schematized in the Appendix. They provide the advantage, for ceramics, to create 

tensile stresses on one side of the sample, without having to proceed with more difficult, pure 

tensile tests. The biaxial flexural strength tests also have the advantage of not being sensitive to 

the specimen edge preparation as is the case for three- and four-point bending tests. ISO 

standards for dental ceramics (ISO 6872 [90]), and more specifically for zirconia as an implant 

material (ISO 13356 [123]), specify the use of bending tests to obtain strength data, using linear 

elastic equations. However, with non-linear behavior, and this is the case of very transformable 

zirconia, stresses and strain cannot be calculated simply and directly from load and 

displacement hypothesizing a purely elastic behaviour. As already indicated by Fett and Munz 

[9] and later by Rauchs et al. [10], plastic deformation on the tensile side of the bending samples 

leads to an overall stress re-distribution and to overestimated values of the tensile stress, and 

thus of real strength, when using elastic-behavior equations given in the Appendix. In the case 

of biaxial bending tests with supporting balls, additional errors associated with indentation of 

the material by the balls is generally not considered but may be significant and compromise 

(underestimate) the measurement of beam deflection.

Figure B-1 shows apparent stress-strain curves obtained on a ZA8Sr8Ce11-1450°C composite 

processed through conventional powder mixing (thus exhibiting high transformability) with 

different loading configurations, when both stress and strain are calculated through standard 

equations considering elastic hypotheses in the case of the bending tests. The ZA8Sr8Ce11-

1450°C composition was chosen as a model material with transformation before failure and a 

high level of transformation-induced plasticity. It is noted that the displacements were 

accurately measured by Linear Voltage Displacement Transducer (LVDT) just under the 

samples in bending tests and with an extensometer in the case of tension. A significant 

indentation of the samples by the supporting balls was noted in biaxial bending and taken into 

consideration in the actual measured displacement. Figure B-2 illustrates a load-displacement 

curve of a ball of the same diameter as the one used for biaxial bending on a flat ZA8Sr8Ce11-

1450°C support, for a maximum load applied on the ball similar to that reached during biaxial 

bending. A permanent penetration of the ball of 20 m is observed. This shows that under 
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biaxial bending, a portion of the measured displacements is due to indentation effects. From a 

practical point of view, strength calculation following ISO standards would result in values of 

roughly 400 MPa in tension, 540 MPa in 3 or 4-point bending and more than 1GPa in biaxial 

bending.

Tensile tests are very sensitive to misalignment and lead to a larger scatter of results (as 

schematized by the dashed area in Figure B-1). On the other hand, stresses calculated in 

bending overestimate true values of strength and do not capture relevant mechanical behavior 

laws without further analysis. Finite Element Methods (FEM) can be used to simulate a load-

displacement response during a loading test, by integrating a given stress-strain (constitutive) 

mechanical behavior law of the material. Figure B-3 shows the load-displacement curve 

experimentally measured during a 4-point bending test and the ones calculated from the 

knowledge of the stress-strain curves determined in tension. Plasticity was modeled as cast-iron 

behavior, which considers plasticity with isotropic hardening in tension and only elasticity (no 

transformation) in compression.  

The simulations based on stress-strain curves obtained through the tensile tests are consistent 

with the experimental load-displacement curve, especially for the upper stress-strain curve (best 

alignment), but do not fully match with it. In fact, a simulation of tensile tests by FEM shows 

that small misalignments, even imperceptible, may lead to stress gradients and thus 

transformation (plasticity) onset near the upper and lower edges of the narrowing of the sample. 

This was checked with Raman Spectroscopy where the onset of phase transformation was 

heterogeneous in the case of the strongest misalignment, as shown in Figure B-4. In other 

words, bending stresses super-impose onto the applied tensile stresses and lead to a certain 

under-estimation of the real tensile stress. An alternate approach to the issue stems from the 

following question: what would be the strain–stress curve to enter in the FEM simulation to fit 

the experimental load-displacement curve in bending? The best fit was obtained with a cast-

iron model, exhibiting a yield (transformation) stress of 500 MPa in tension with minimal 

hardening (maximum stress of 540 MPa) and a pure elastic behavior in compression. This result 

is important since it shows that the effective stress-strain curve does not show significant 

hardening and that the mechanical behavior law of such highly transformable ceramic is almost 

purely elastic-plastic in tension. It shows also that 4-point bending does not over-estimate the 

real strength significantly as the maximum stress determined is of 540 MPa. On the other hand, 

it shows that tensile tests may underestimate yield and maximum stresses if very careful 

attention is not given to misalignment. Finally, it shows that biaxial bending should be avoided, 
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as it overestimates strength to an unacceptable extent, unless a similar inverse approach is 

performed (considering an elastic-plastic, cast-iron mechanical behavior law instead of pure 

elasticity). Though not shown here, this approach has been adopted in our case, and taking the 

stress-strain curve obtained through the analysis of the 4-point bending test (inverse method) 

agrees exceptionally well with the experimental load-displacement curve, provided that the 

penetration of the supporting balls into the material is also considered.  

From a general point of view, the mechanical behavior law is the same whatever the type of 

loading condition (i.e. transformation starts when the maximum tensile stress reaches a critical 

value - here 500 MPa – and the behavior can then be described by a cast-iron model without 

strain hardening). The difference between biaxial bending, 4-point bending and tension is not 

due to a different intrinsic mechanical behavior law, but different loading configurations, which 

in turn generates a different transformation zone and associated different stress distribution, as 

explained by Touaiher et al. [152] and highlighted in the main core of the text (see also Figure 

10). The features of the transformation zones in 4-point and biaxial bending are illustrated in 

Figure B-5 a. Transformations bands, perpendicular to the main tensile stress direction, are 

visible and increase rapidly in number and depth between the onset of transformation and the 

end of the test (fracture) for the 4-point bending configuration. A much larger zone is observed 

in piston-on-three ball (Figure B-5.b), starting on the tensile side of the sample and increasing 

progressively in size with increasing load. This large transformation acts to shield the applied 

tensile stresses and leads to stress redistribution, which explains the high loads that can 

withstand the samples in this configuration.

In practical terms, such considerations may have two implications: 

- The use of Biaxial bending in the conditions of the ISO standards should be avoided in 

highly transformable zirconia ceramics, because it overestimates to a large extent the 

real strength of the material if elastic equations are used to compute stresses,

- From a product point of view, the benefits of the transformation-induced plasticity 

depend on the loading conditions, with a better potential reinforcement for complex 

loading configurations and stress distribution. If pure tension is considered, the load 

necessary for transformation and for failure will be almost the same. On the other hand, 

if peak stresses are generated, as it is the case of biaxial bending, transformation will 

shield the applied stresses and allow a redistribution of the stress field through a large 

portion of the material.
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Symbols and abbreviations

Materials denomination

- Y-TZP : Yttria-stabilized Tetragonal Zirconia Polycristal (yttria-doped zirconia)
- Ce-TZP : Ceria-stabilized Tetragonal Zirconia Polycrystal (ceria-doped zirconia)
- 3Y-TZP : 3 mol.% Yttria-stabilized Tetragonal Zirconia Polycristal
- YAP: Yttrium Aluminium Perovskite
- YAG: Yttrium Aluminium Garnet
- ZTA: Zirconia-Toughened Alumina
- ZA8Sr8: 84 vol.% ZrO2, 8 vol.% Al2O3, 8 vol.% SrAl12O19

- Z: Zirconia grains
- A: Alumina grains
- S: Strontium aluminate grains
- PSZ: Partially Stabilized Zirconia
- TZP: Tetragonal Zirconia Polycrystals
- FSZ: Fully Stabilized Zirconia
- Mg-PSZ: Magnesia Partially Stabilized Zirconia
- TCP: Tri-Calcium Phosphate
- DLM: dianhydro-D-glucitol [bis(dilactoylmethacrylate)
- TTCP: Tetra Calcium Phosphate
- HA: Hydroxyapatite
- CaP: Calcium Phosphate

Zirconia phases denomination

- t : tetragonal
- m : monoclinic

Mechanical parameters

- σR : strength
- KIC : toughness
- c : critical defect size
- σc

t-m: critical transformation stress
- KcT: transformation toughening
- Kapp: applied stress intensity factor
- ass: crack extension at the steady-state
- KR : R-Curve (increase of crack resistance versus crack size)
- KRmax: saturation level (plateau value) of the R-Curve 
- σmax1 : maximum strength (for highly transformable ceramics)
- σy : yield strength
- σmax2 : maximum strength (for low transformability ceramics)
- ε: plastic strain due to t-m transformation 
- εvol: dilatation strain induced by the volume expansion of the grains
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- εshear: shear strain associated to the t-m transformation

Physical parameters and phenomena

- Ms : martensitic start
- T0

t-m: spontaneous tetragonal-monoclinic transformation temperature
- h : width of the transformation zone
- T: Temperature
- Tmelting: melting temperature
- Tt-m: t-m transformation temperature
- Vm : Volume fraction of monoclinic phase
- VZrO2: Volume fraction of zirconia in the studies composite (here 84 vol.%)
- Dtb: density of transformation bands (% of surface transformation at failure)
- d: Process zone size (diameter)
- Sa : Roughness parameter
- TRIP : TRansformation Induced Plasticity
- LTD : Low Temperature Degradation

Tests and experimental methods

- CIP: Cold Isostatic Pressing
- HIP: Hot Isostatic Pressing
- XPS: X-Ray Photoelectron Spectroscopy
- SEVNB: Single-Edge-V-Notched Beam
- CNC: Computer Numerical Control
- FIB : Focused Ion Beam
- SEM : Scanning Electron Microscopy
- TEM : Transmission Electron Microscopy
- HAADF : High Angle Annular Dark Field
- AM : Additive Manufacturing
- LVDT: Low Voltage Displacement Transducer
- FEM: Finite Element Methods
- FEA: Finite Element Analysis
- M: Hard Machining
- S: Sandblasting
- E: Etching
- A: Annealing
- DIW: Direct Ink Writing
- 3DP: 3D – Printing
- SLS: Selective Laser Sintering
- SLA: Stereolithography

Applications

- TBCs : Thermal Barrier Coatings
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FIGURES AND TABLES CAPTIONS

FIGURES CAPTIONS

Figure 1.  Transformation-induced plasticity in 9 mol % Ce-TZP, as shown by different papers: 
(a) Stress-strain diagrams in four-point bending test of 9Ce-TZP sintered at various conditions 
[7]. (b) Cyclic load-displacement in four-point bending test [8]. (c) Stress-strain curve with 
acoustic emission signal in four-point bending test. The acoustic emission signals were 
produced by the burst formation of transformation bands at the onset of elastic-plastic 
deformation [10]. (d) Load-displacement in double cantilever beam test [53]. Note that only 
works using 9Ce-TZP were representatively shown in this figure, but several works also showed 
the transformation-induced plasticity effect on other zirconia ceramics including Ce-TZP, Ce-
TZP-based composite and Mg-PSZ [9, 20, 21, 26, 52, 54-57, 28-31].

Figure 2.  (a) R-curve illustration of zirconia ceramics. Extent of crack-shielding due to stress-
induced transformation (i.e. transformation toughening KcT) is proportional to h1/2, which then 
depends on the critical stress for phase transformation (σc) in the relationship of h  (Kapp/σc)2, ∝
where Kapp is the applied stress intensity factor. As a consequence of the tangency condition, 
the strength is directly related to the slope of the R-curve [5, 23]. (b) R-curves of 12Ce-TZP 
[23, 24] with two different craks (natural crack and macrocrack) and (c) R-curves of Y-TZP 
materials (2Y-TZP and 3T-TZP [27]) compared with Si3N4 [153]. Ce-TZP has high KcT and 
ass (crack extension at the steady-state or plateau value, KRMax) resulting in high fracture 
toughness and defect tolerant characteristics, whereas, 3Y-TZP has steep slope in R-curve, 
contributing to its high strength. 

Figure 3. Microstructural features of 10Ce-TZP-alumina based composites developed by Nawa 
et al. [35] from which the commercial product NANOZR derives [36].

Figure 4. Microstructural features of BIOLOX Delta® ZTA composite [71].

Figure 5. (a) TEM (STEM-HAADF) and (b) SEM microstructural features of ZA8Sr8 
composites [11, 12] prepared at the lab-scale from powder post-doping route and then through 
slip-casting and sintering (1450°C-1h). Z stands for Zirconia grains, A for Alumina grains and 
S for Strontium aluminate grains. 

Figure 6. SEM microstructural features of ZA8Sr8 composites prepared at the industrial level 
from powder mixing and then spray-drying granulation, CIP and sintering (1450°C-1h) [22]. Z 
stands for Zirconia grains, A for Alumina grains and S for Strontium aluminate grains.

Figure 7. Evolution of the spontaneous t-m transformation temperature (i.e. without any applied 
stress) of Ceria-doped zirconia / alumina / Strontium Aluminate composites as function of the 
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Ceria content in the zirconia phase and of the sintering temperature, for two types of powder-
synthesis methods. 

Figure 8. (a) Biaxial strength and toughness as function of the ceria content for ZA8Sr8Ce11-
1450°C composite obtained by post-doping route. (b) Schematic illustration of the “ductile-
brittle” transition in Ce-TZP composites. σR stands for the maximum strength, KIC  the 
toughness, c the critical defect size, σc

t-m the critical transformation stress, σy the yield strength, 
c0 and c1 two different defect sizes with c1 < c0.

Figure 9. Biaxial bending load-unload-displacement curves for different ceria-containing Ce-
TZP composites obtained by post-doping and after a sintering at 1450°C. A clear difference in 
the mechanical behavior is observed depending on the Ceria concentration. 

Figure 10. (a) Superposition of an optical microscopy image (Nomarski contrast) and a 
monoclinic/tetragonal Raman map obtained by analyzing the tensile surface of a biaxially tested 
disc (10.5 mol.% ceria). (b) Corresponding stress distribution obtained by Raman mapping. 
Results were obtained on Ce-TZP processed by post-doping route and after a sintering at 
1450°C. (c) Schematic picture of stress variations along the distance from the center for a 
conventional non-transformable ceramic and for the transformable Ce-TZP ceramic tested here. 
The residual stress field represented here is the difference between the stress field of the elasto-
plastic material and the purely elastic case. 

Figure 11. (a) Stress-strain load-unload curve of a ZA8Sr8C11-1450°C composite obtained by 
the mixing route during a tensile test, exhibiting a significant amount of plasticity before failure 
(b) Corresponding variations of the Young’s modulus as function of the applied strain 
(measurements performed during re-loading). 

Figure 12. (a) Location of the FIB lift-out of the thin foils inside a transformation band. (b) 
Preparation of the TEM foil by FIB. (c) SEM image of the prepared TEM foil showing micro-
craks of approximately 1 µm at the upper surface and no micro-craks inside the foil. (d) TEM 
image of the central part of the foil showing that no micro-cracks are visible. TEM foil was 
prepared on a ZA8Sr8Ce11-1450°C composite obtained by mixing route.

Figure 13. Fracture toughness versus yield strength chart for different materials. Blue figures 
are referring to 3Y-TZP ceramics while orange figures refer to Ce-TZP composites. The 
diagonal lines show the process-zone size diameter, d, in mm.

Figure 14. Tensile Stress-Strain curve of two different Ce-TZP composite samples 
(ZA8Sr8Ce11-1450°C obtained by mixing route). Sample 1 doesn’t show any internal defect 
whereas sample 2 exhibits a large internal defect of ~ 150 µm. It can be noted that sample 2 
does not show any significant decrease of the mechanical properties compared to sample 1, 
even though it contains a large internal defect, illustrating the large flaw tolerance. 
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Figure 15. Weibull plot: probability of failure as function of the calculated stress for Ce-TZP 
composite: ZA8Sr8Ce11-1450°C obtained by mixing route (round orange symbols) compared to 
3Y-TZP (blue square symbols) obtained with two different loading conditions: 4 point bending 
test (full symbols) and biaxial bending tests using a piston-on-3-balls set up (half black 
symbols).The Ce-TZP composite shows a very high Weibull modulus compared to 3Y-TZP 
explaining its lower sensitivity to the presence of defects. Clearly the overall strengths of Ce-
TZP composites are relatively lower than 3YTZP.

Figure 16. Image of a prototype dental implant made of the Ce-TZP composite (ZA8Sr8Ce11-
1450°C-mixing route) and machined in the sintered state.

Figure 17. (a) Load to failure of implant prototypes as function of the surface treatments for 
the ZA8Sr8Ce11-1450°C composite obtained by mixing route. Available data for 3Y-TZP dental 
implants fall in the dashed region. “M” stands for hard machining, “S” for sandblasting (with 
150 µm alumina particles), “E” for etching (in HF/HNO3 for 3h) and “A” for annealing at 
1350°C for one hour respectively. 3 to 4 samples were tested in each conditions. (b) and (c) 
SEM image of a dental implant prototype after sandblasting. (d) and (e) SEM image of a dental 
implant prototype after sandblasting + etching.

Figure 18. Additive-manufactured (Robocasting) lattice structures (top 3 optical pictures) and 
microstructure of ZA8Sr8Ce11 (11Ce-TZP/Al2O3/ SrAl12O19) composite (bottom 2 SEM 
pictures).

Figure 19. Compressive strength of ZA8Sr8Ce11 scaffolds achieved by Direct Ink Writing 
(DIW) for two porosity contents. Higher strength was obtained with the scaffold with a rim 
and the scaffold without rim had lower compressive strength. Comparison with literature 
values of porous ceramics made from additive manufacturing and freeze casting techniques is 
reported for comparison [126-135]. TCP stands for TriCalciumPhosphate, DLM for 
dianhydro-D-glucitol [bis(dilactoylmethacrylate), TTCP for TetraCalciumPosphate, 3DP for 
3D printing, HA for hydroxyapatite, CaP for CalciumPhosphate, SLS for selective laser 
sintering and SLA for stereolithography.

Figure A-1. Strength-toughness relationship for zirconia materials. Linear curves are predicted 
from Griffith equation considering different flaw-sizes (5-100 microns, Y-TZP) whereas the 
hyperbolic curve is predicted theoretically using the expression proposed by Swain and Rose 
[20].

Figure A-2. Summary of the strength-toughness results for various PSZ and TZP systems and 
for 2Y-TZP-20 wt.%Al2O3 composites [20, 151].

Figure B-1. Apparent ‘stress-strain’ curves obtained on the ZA8Sr8C11-1450°C composite 
obtained by mixing route with different loading configurations, when both stress and strain in 
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bending are calculated through standard equations considering elastic hypotheses. The dashed 
area corresponds to the variation obtained with tensile tests.

Figure B-2. Applied load as function of the penetration depth after a 1 ball-indentation test on 
the ZA8Sr8Ce11-1450°C composite obtained by mixing route. For an applied load of 350 N, a 
permanent penetration depth of the ball of approximately 20 µm is observed. This displacement 
should be subtracted from the displacement measured by the LVDT.

Figure B-3. (a) Experimental (solid black line) and FEA-simulated load-displacement curves 
in 4 point bending for the ZA8Sr8Ce11-1450°C composite obtained by mixing route. FEA-
simulated curves are obtained by using a CAST-IRON material’s model (elastic in compression 
and elasto-plastic in tension) and effective load-displacement curve recorded in tension (Figure 
(b), red and orange symbols). In blue, the results of the inverse method, showing that the 
behavior can be well described by an elasto-plastic behavior, with a yield stress of 500 MPa 
and almost no hardening.

Figure B-4. Effect of misalignment on the onset of transformation and apparent yield stress 
measured in tension on ZA8Sr8Ce11-1450°C composite obtained by mixing route. (a) 
Experimental Stress-strain curve with the lowest apparent yield (transformation) stress in all 
out set of data. (b) Monoclinic content versus position along the sample measured by Raman 
spectroscopy for two opposite line-scans along the same sample. (c) Finite Element Simulation 
of maximal principal stress in a tensile sample with a parasite misalignment of 30 microns.

Figure B-5. Specific features of the transformation zones observed by optical microscopy 
(Nomarski contrast) on ZA8Sr8Ce11-1450°C composite obtained by mixing route in pure 
bending (a) and biaxial bending (b) 

TABLES CAPTIONS

Table 1. The properties of some Ce-TZP composites developed in the past compared to 3Y-
TZP and Ce-TZP ceramics.  
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Figure 1.
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Figure 2.
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Figure 3.

Page 52 of 77

Journal of the American Ceramic Society

Journal of the American Ceramic Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Figure 4.
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Figure 5. 
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Figure 6.
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Figure 10.
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Figure 12.
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Figure 13. 
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Figure 14. 
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Figure 16. 
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Figure 18.
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Figure 19. 
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Figure A-1.
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Figure A-2.
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Figure B-4.
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Figure B-5. 
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APPENDIX
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Table 1. 

Grain size (µm)Materials Toughness
(MPa·m1/2)

Strength
(MPa)

Weibull 
modulus

Inelastic 
deformation

ZrO2 Al2O3

3Y-TZP [27] 4-6 800-1200 ~8 [27] - ~ 0.3 -

Ce-TZP [27, 28] 7-16 400-600 ~20 [27] 0.25-0.45 % 
(4PB) [28] ~ 2 -

10Ce-TZP/30Al2O3 
nanocomposite [29, 30, 35] 9.8* 950 12.6 (4PB)

23.0 (P3B) ~ 0.1-0.3 % (4PB) 0.42 ± 
0.08

0.59 ± 
0.09

NANOZR [37] 8.6 1290 - - - -

10.5Ce-TZP/8Al2O3/ 
SrAl12O19 

[11, 12] 10.2* 1100 (P3B) - - 0.6 ± 
0.2

0.3 ± 
0.1 lm

MnO-doped 12Ce-
TZP/10Al2O3 [26, 31] 7.6-10* 650 40 (4PB) (4PB)

(Uniaxial tension) 1.5-2.5 -

10Ce-TZP/16 vol.% of 
MgAl2O4 [38] 15§ 900 - - 0.5 0.2

12Ce-TZP/SrO/Al2O3 
[21] 8.3-14.0 500-700 - 0.5%-1.5% 

(compression) ~ 2 -

*Measured by single edge V-notch beam (SEVNB); § Measured by double torsion; 4PB: four-point bending; P3B: piston-on-
three-balls
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