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Preface 

This thesis is based on the results of my PhD project entitled “Improving the mechanical 

properties and stability of solid oxide fuel and electrolysis cells” carried out from November 2015 

to October 2018. The work was conducted (predominantly) at the Department of Energy 

Conversion and Storage, Technical University of Denmark (DTU Energy) and during an external 

research stay at the National Institute of Applied Sciences of Lyon (INSA Lyon) from December 

2017 to February 2018. This PhD project was defined in the framework of the SYNFUEL 

(sustainable synthetic fuels from biomass gasification and electrolysis) project funded by 

Innovationsfonden, Denmark (File No. 4106-00006B). The work was supervised by Senior 

Researcher Henrik Lund Frandsen (DTU Energy) and co-supervised by Professor Peter Vang 

Hendriksen (DTU Energy), Professor Jérôme Chevalier and Dr. Lauren gremillard (INSA Lyon).  

The thesis contains eight chapters. 

Chapters 1 and 2 are introductory chapters discussing the motivation of the work and 

important related concepts. 

Chapters 3-7 include independent articles that represent the experimental activities and results 

of this PhD project. Some of these articles follow introduction sections to link them to the pertinent 

concepts discussed in the introductory chapters. A short description of the subjects of the 5 articles 

is presented in Section 2.9. 

Lastly, chapter 8 provides concluding remarks and suggestions for future activities. 
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Abstract 

Solid oxide fuel and electrolysis cells are subjected to mechanical stresses during their 

manufacturing, stacking, and during the operation and thermal cycles. These stresses can cause 

mechanical failure of the cells and stacks. Improving the mechanical robustness of the cells is thus 

imperative to address the concerns regarding their reliability.  

Fuel electrode supported cell design, in which the relatively thin electrochemically active 

layers (cathode, anode and electrolyte) are supported by a rather thick substrate, is widely applied. 

Ni(O)‒3Y-TZP (6 mol% yttria-doped zirconia) is the state-of-the-art substrate in this design.  

In this PhD project, the possibility for improving the mechanical robustness of the fuel 

electrode supports was investigated. This was carried out by tailoring the stabilizer type and 

concentration in the zirconia phase following two approaches: First, to increase the transformation 

toughening effect through using a metastable tetragonal zirconia phase, and second, to benefit from 

the so-called ferroelastic toughening mechanism using a stable tetragonal zirconia phase. 

Transformation toughening: 

In a transformation toughened ceramic, lowering the stabilizer content can increase the 

transformability of the metastable tetragonal phase, consequently the toughness. Lower stabilizer 

concentration on the other hand means a lower stability of the tetragonal phase, and can result in 

undesirable tetragonal to monoclinic phase transformation.  

To find the optimum stabilizer content, the stability of the tetragonal phase in Ce-Y co-doped 

zirconia were studied. From this tetragonal phase stability diagrams were developed as a function of 

heat treatment temperature and particle packing. The stabilizing effect of YO1.5 was found to be 

approximately twice that of CeO2, varying slightly with sintering temperature and density. 

Based on the developed phase stability diagrams, several Y-doped and Ce-Y co-doped zirconia 

compounds were chosen and used to prepare fuel electrode supports. Fracture toughness, strength 

and low- and high-temperature aging of the supports were investigated.  

NiO‒5YO1.5-SZ and NiO‒1.5CeO2 4.5YO1.5-SZ showed improved fracture toughness over the 

state-of-the-art support (NiO‒6YO1.5-SZ). In the NiO‒1.5CeO2 4.5YO1.5-SZ support an 

enhancement as much as 30% in the room temperature fracture toughness was achieved. At 800°C 

the fracture toughness of all the metastable tetragonal zirconia based supports decreased. Yet, the 

co-doped zirconia based support exhibited ~10% improvement over the state-of-the-art support.  

Microstructural studies showed that the metastable tetragonal zirconia based supports had a 

significantly smaller grain size compared to the cubic zirconia based support. The superior 

mechanical properties of the metastable tetragonal zirconia based supports (compared to their cubic 

zirconia based counterparts) were then proposed to be resulting from both the transformation 

toughening effect and their finer grained microstructure. 

In contrast to the oxidized samples, the tetragonal and cubic zirconia based supports had 

comparable fracture toughness in the reduced state. The fracture toughness of the reduced samples 
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decreased dramatically at 800°C, probably due to the lower yield stress and stiffness of the Ni 

phase. 

In addition, an improved strength was observed in the newly studied zirconia compounds. The 

NiO‒5YO1.5-SZ showed the highest enhancement, i.e. ~30% compared to the state-of-the-art 

support.  

The crystalline phase and the fracture toughness of the metastable tetragonal zirconia based 

supports were studied after aging at 800°C. The 5YO1.5 based supports degraded very fast at the 

studied temperature, with around 35% monoclinic phase formed after aging for 850 hours. On the 

other hand, the crystalline phase of Ce-Y co-doped zirconia based supports remained intact. The 

fracture toughness of both 1.5CeO2 4.5YO1.5-SZ and 6YO1.5-SZ based supports degraded due to the 

aging. Nevertheless, the co-doped zirconia based support exhibited ~18% higher fracture toughness 

over the state-of-the-art support. It was concluded that the strategy of lowering the stabilizer content 

to increase the transformation toughening effect in yttria-doped zirconia should be avoided, despite 

it enhancing the mechanical properties. Co-doping with Ce-Y is on the other hand the 

recommended approach. 1.5CeO2 4.5YO1.5-SZ was concluded as a promising alternative to 3Y-

TZP, as it can provide supports with improved mechanical properties and stability.  

The low temperature aging studies showed that the substrates based on metastable tetragonal 

zirconia in both oxidized and reduced states are prone to the degradation. As the low temperature 

degradation is significant at temperatures (typically) below 500°C, a low humidity environment is 

thus crucial during the cooling step in the sintering of the materials, for storage and more 

importantly during thermal cycles. 

Ferroelastic toughening: 

In a ferroelastic toughened zirconia, a non-transformable tetragonal zirconia with high so-

called tetragonality is desirable. Here, the type and concentration of stabilizer(s) should provide 

such a tetragonal phase. For this reason, several Ti-Y and Ti-Ce co-doped zirconia compounds were 

synthesized and their crystalline phase was investigated. As a preliminary evaluation, NiO‒Ti0.2 

Y0.08 Zr0.72 support (with t'-zirconia) was prepared and its fracture toughness evaluated. The support 

had an interestingly high toughness, comparable to that of the state-of-the-art support. Moreover, its 

toughness was observed to be temperature invariant. The t'-zirconia based supports are thus 

interesting for further evaluation. These supports are promising alternatives for the current 

metastable tetragonal zirconia based supports due to their high toughness and their expected 

excellent aging resistance. 

As slow (subcritical) crack growth can occur in zirconia based ceramics, the double torsion 

method was evaluated as a tool to study the slow crack growth behavior of thin porous zirconia 

samples - the typical geometry of the supports. The results showed that the method is applicable if 

the dependency of the stress intensity factor on the crack length is taken into account, even for thin 

samples (thickness : width : length ~ 1 : 75 : 130). This dependency decreased with increasing 

sample porosity.   
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Resumé 

Fastofoxid brændsel og elektrolyse celler er udsat for mekaniske spændinger under 

fabrikationen af dem, stakning og under drift og termiske cyklusser. Disse spændinger kan 

forårsage mekaniske brud i cellerne og i stakkene. Forbedring af cellernes mekaniske robusthed er 

derfor essentiel for at adressere de problemer, der er i forhold til deres pålidelighed.  

Det brændselelektrode supporterede celle-design, i hvilket de relativt tynde elektrokemisk 

aktive lag (katode, anode, elektrolyt) er supporteret af et relativt tykt substrat, er anvendt i vid 

udstrækning. Ni(O)‒3Y-TZP (6 mol% yttria-doteret zirconia) er det aktuelt teknologisk bedste 

substrat materiale i dette design.  

I dette ph.d.-projekt er mulighederne for at forbedre den mekaniske robusthed af 

brændselselektrode substratet undersøgt. Dette er foretaget ved at skræddersy stabilisator type og 

koncentration i zirconia fasen ved to fremgangsmåder: Den første er at øge sejheden grundet 

transformation af den metastabile zirconia fase, og den anden ved at anvende den såkaldte 

ferroelastiske sejheds mekanisme ved at anvende en stabil tetragonal zirconia fase. 

Transformation hærdning: 

I en transformation hærdet keramik kan nedjustering af stabilisatorindholdet øge 

transformationsvilligheden af den metastabile tetragonale fase og dermed sejheden. En lavere 

stabilisator koncentration kan på den anden side betyde lavere stabilitet af den tetragonale fase, og 

det kan resultere i uønsket tetragonal til monoklin fase-transformation. 

For at bestemme det optimale stabilisatorindhold, blev stabiliteten af den tetragonale fase i Ce-

Y co-doteret zirconia studeret. Herfra blev der udviklet tetragonale fase-stabilitets diagrammer, der 

tager højde for varmebehandlings temperatur og pakningen af partikler. Den stabiliserende effekt af 

YO1.5 blev fundet til at være tilnærmelsesvis det dobbelte af CeO2, hvilket kan variere en anelse med 

sintringstemperatur og pakningstæthed. 

Baseret på de udviklede fase stabilitets diagrammer, blev adskillige Y-doteret og Ce-Y co-

doteret zirconia blandinger valgt og anvendt i fremstillingen af brændsels elektrode substrater. 

Brudsejhed, styrke samt ældning ved lav og høj temperatur af disse substrater blev undersøgt. 

NiO‒5YO1.5-SZ og NiO‒1.5CeO2 4.5YO1.5-SZ udviste øget brudsejhed i forhold det aktuelt 

teknologisk bedste substrat materiale (NiO‒6YO1.5-SZ). Med NiO‒1.5CeO2 4.5YO1.5-SZ substratet 

blev der opnået så meget som 30 % forbedring af brudsejheden ved stuetemperatur. Ved 800C blev 

brudsejheden af alle de metastabile tetragonale zirconia baserede substrater reduceret. Dog udviste 

det co-doterede zirconia substrat ~10 % forbedring over det aktuelt teknologisk bedste substrat. 

Mikrostrukturelle studier viste, at de metastabile tetragonale zirconia substrater havde 

væsentligt mindre kornstørrelser sammenlignet med de kubiske zirconia baserede substrater. Det 

blev derfor foreslået at de bedre mekaniske egenskaber af det metastabile tetragonale zirconia 

(sammenlignet med dets modstykke med kubiske zirconia) kunne skyldes både transformation 

sejheden men også den mere finkornede mikrostruktur. 

I modsætning til hvad der blev observeret i de oxiderede substrater, var brudsejheden af de 

tetragonale og kubiske zirconia baserede substrater i deres reducerede tilstand sammenlignelige. 
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Brudsejheden reduceres dramatisk ved 800C, højst sandsynlig på grund af den lavere 

flydespænding og stivhed af Ni fasen. 

Dertil kommer at en øget styrke blev konstateret i de netop studerede zirconia blandinger. 

NiO‒5YO1.5-SZ blandingen udviste den højeste forøgelse, det være sig ~30 % sammenlignet med 

det aktuelt teknologisk bedste substrat. 

De krystallinske faser og brudsejheden af de metastabile tetragonale zirconia baserede 

substrater blev også studeret efter ældning ved 800C. Substratet baseret 5YO1.5 degraderede hurtigt 

ved de studerede temperaturer, og ca. 35 % monoklin fase fremkom efter ældning i 850 timer. På 

den anden side så forblev den krystallinske fase af Ce-Y co-doteret zirconia intakt. Brudsejheden af 

både 1.5CeO2 4.5YO1.5-SZ og 6YO1.5-SZ baserede substrater degraderede under ældningen. Ikke 

desto mindre så udviste det co-doterede zirconia baserede substrat ~18 % højere brudsejhed end det 

aktuelt teknologisk bedste substrat. Det blev konkluderet, at strategien med at mindske stabilisator 

indholdet for at øge transformations-sejheden i yttria doteret zirconia bør undgås, selvom dette kan 

øge de mekaniske egenskaber. Co-dotering med Ce-Y er på den anden side en tilrådelig tilgang. 

Det blev konkluderet at 1.5CeO2 4.5YO1.5-SZ er et lovende alternativ til 3Y-TZP, da førstnævnte 

tilvejebringer forbedrede mekaniske egenskaber og stabilitet. 

Lavtemperatur ældnings-forsøgene viste, at de metastabile tetragonale zirconia baserede 

substrater både i oxideret og reduceret tilstande er tilbøjelige til at degradere. Da lavtemperatur 

degradering er signifikant ved temperaturer (typisk) under 500C, så er omgivelser med lav 

fugtighed vitale ved nedkølningen efter sintringen af materialerne, ved lagring af dem og endnu 

vigtigere under termiske cyklusser. 

Ferroelastisk hærdning: 

I en ferroelastisk hærdet zirconia blanding, er det præferentielt af have en ikke-transformerbar 

tetragonal zirconia med høj såkaldt tetragonalitet. Her skal typen og koncentrationen af 

stabilisator(erne) derfor frembringe en sådan tetragonal fase. Derfor blev adskillige Ti-Y og Ti-Ce 

co-doterede zirconia blandinger syntetiseret og deres krystallinske fase blev undersøgt. Som en 

præliminær undersøgelse af denne type substrater (med t'-zirconia) blev et NiO‒Ti0.2 Y0.08 Zr0.72 

substrat fremstillet. Substratet havde en interessant høj brudsejhed, sammenlignet med det aktuelt 

teknologisk bedste substrat. Derudover blev det konstateret, at substratets brudsejhed var temperatur 

invariant. t'-zirconia baserede substrater er derfor interessante at studere videre. Disse substrater 

betragtes som lovende alternativer til de aktuelle metastabile tetragonale zirconia baserede 

substrater på grund af den høje brudsejhed og deres forventelige fremragende modstandsdygtighed 

over for ældning. 

Da langsom (underkritisk) revnevækst kan forekomme i zirconia keramer, blev det evalueret 

om ”dobbelt torsion”-metoden kunne anvendes til at måle langsom revnevækst i tynde porøse 

zirconia emner - den typiske geometri anvendt i substraterne. Resultaterne viste, at dette metoden er 

anvendelig, hvis der bliver taget højde for spændingsintensitetens afhængig af revnelængden - selv 

for tynde emner (tykkelse : bredde : længde ~ 1: 75 : 130). Denne afhængighed mindskedes med 

øget porøsitet i prøverne. 

  



vii 
 

Table of Contents 

 

Chapter 1 ‒ Introduction ...................................................................................................................... 1 

1.1 Operating principles of Solid Oxide Cells ..................................................................... 1 

1.2 Mechanical stresses in SOCs ......................................................................................... 4 

1.3 Mechanical reliability of SOCs ...................................................................................... 5 

1.4 Motivation of the current work ...................................................................................... 8 

Chapter 2 ‒ Zirconia: Mechanical properties and challenges ............................................................ 10 

2.1 Zirconia ........................................................................................................................ 10 

2.2 Tetragonal zirconia ...................................................................................................... 16 

2.2.1 Transformation toughening mechanism ............................................................... 16 

2.3 Low-temperature degradation of tetragonal zirconia ................................................... 23 

2.4 Co-doping of tetragonal zirconia ................................................................................. 24 

2.5 Effect of temperature on the transformation toughening ............................................. 26 

2.6 Ferroelastic toughening ................................................................................................ 28 

2.7 High temperature degradation ...................................................................................... 33 

2.8 Conclusions and ideas for the PhD project .................................................................. 35 

2.9 Overview of the research activities .............................................................................. 37 

Chapter 3 ‒ Tetragonal phase stability maps of ceria-yttria co-doped zirconia: from powders to 

sintered  ceramics……………...……………………………………………………………………49 

Chapter 4 ‒ Improvement of the fracture toughness of solid oxide cells fuel electrode 

supports……………………………………………………………………………………………..80 

Chapter 5 ‒ Strength and low-temperature aging of NiO–stabilized zirconia solid oxide cells fuel 

electrode supports ……………………………………….………………………………………...123 

Chapter 6 ‒ Enhancement of robustness of NiO–stabilized zirconia solid oxide cells supports using 

ferroelastic toughening ..................................................................................................................... 149 



viii 
 

Chapter 7 ‒ Slow crack growth behavior of porous thin tetragonal zirconia ceramics studied by the 

double torsion method ...................................................................................................................... 161 

Chapter 8 ‒ Concluding remarks and suggestions for future studies ............................................... 185 

 

  



1 
 

Chapter 1 ‒ Introduction 

This chapter commences with a description of the operating principles of solid oxide fuel and 

electrolysis cells. Sources of mechanical stresses in solid oxide cells, typical supported cell 

configurations, and issues facing with the mechanical reliability of the devices are then covered. 

Lastly, the motivation of this PhD project is discussed. 

1.1 Operating principles of Solid Oxide Cells 

Over the past years, renewable energies have attracted great interests as alternative energy 

resources to address the environmental and energy security issues associated with fossil fuels [1]. 

Solid oxide fuel and electrolysis cells, generally referred to as solid oxide cells (SOCs), are in 

particular promising devices for sustainable energy sector. They have certain advantages compared 

to other types of fuel and electrolysis cells, including higher efficiency and lower sensitivity to the 

fuels’ impurities [2–4]. 

While using in the fuel cell mode, the device generates electricity by oxidizing gaseous fuels 

such as hydrogen, hydrocarbons, or carbon monoxide. Furthermore, the device has the applicability 

to produce hydrogen and/or carbon monoxide when used in the electrolysis mode [5,6]. Hydrogen is 

a sustainable energy carrier and a clean fuel. Also, hydrogen and carbon monoxide mixture, the so 

called syngas (synthesis gas), are valuable feedstocks in chemical and petrochemical industries and 

can be used to produce different chemicals and hydrocarbon fuels such as ammonia and methanol 

[4,7].  

A typical SOC has principally three electrochemically active layers, i.e. an ion conducting 

electrolyte (a dense ceramic), a fuel electrode (called anode and cathode in the fuel and electrolysis 

cells, respectively) and an oxygen electrode (called cathode and anode in the fuel and electrolysis 
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cells, respectively). This configuration is sometimes termed as the membrane electrode assembly 

(MEA) [6,8]. The SOCs devices are typically made of several single cells stacked together with so-

called interconnects in between. The typical operating temperature of SOCs is relatively high, i.e. 

700-1000°C to achieve high efficiencies [3,9], although some developments in the SOCs operating 

at lower range of temperatures are also achieved [10]. Figure 1-1 illustrates schematically the 

working principles of SOCs in fuel and electrolysis modes, typical materials of the three 

components, as well as the main reactions taking place at different electrodes. 

In the fuel cell mode, a gassy fuel (e.g. hydrogen) is supplied to the fuel electrode (anode). The 

oxygen molecules introduced to the oxygen electrode (cathode) are reduced to oxide ions that are 

transported to the anode side through the ion conducting electrolyte. The electrolyte is an insulator 

for gas molecules and electrons; consequently it prevents the direct reaction of the fuel and oxidant, 

also the short circuit. The transported oxide ions react with the hydrogen molecules at the anode, 

where water molecules and electrons are produced. The electrons flow through an external circuit 

and deliver electric power.  

In the electrolysis configuration, a fuel (e.g. steam) is fed into the fuel electrode (cathode). By 

applying an external potential, the electrolysis reaction occurs in the cathode producing hydrogen 

molecules and oxide ions. The oxide ions pass through the ion conducting electrolyte to the anode 

side, where the oxidation reaction takes place and results in oxygen molecules and electrons. The 

electrons move round an external circuit [5,6,8,11].  
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Figure 1-1 Operating principle of solid oxide fuel (a) and electrolysis (b) cells, typical materials and 

reactions. 
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1.2 Mechanical stresses in SOCs  

SOCs are subjected to mechanical stresses originating from various sources, during the cell and 

stacks fabrication and during operation. Co-sintering of the different layers of the cell is typically 

done at temperatures above 1200°C, where the materials are nearly stress-free [12]. Upon cooling, 

however, the mismatch among the coefficients of thermal expansion (CTE) of different components 

of the cell, rigidly bonded to each other, result in residual stresses [13]. Here, compressive and 

tensile stresses are expected to form in components with lower and higher CTE, respectively. Table 

1-1 presents typical CTE values of common SOCs materials. As seen, the 8YSZ has the lowest 

CTE. As an example, the residual stress of a dense 8YSZ electrolyte layer on an oxidized 

NiO/8YSZ anode substrate has been reported as around -600 MPa at room temperature. The value 

decreased to -50 MPa at 800°C and was concluded to be negligible at around 900°C [13]. 

 

Table 1-1  

Thermal expansion coefficient (CTE) of some typical SOC materials between RT and 1000°C. 

Material CTE RT-1000 (10-6 K-1)  

3YSZ  10.8 [14]  

8YSZ 10.5 [14] 

NiO 11 – 16 [15]  
(showing a max of 18.5 at 250) 

Ni 17.5 [15]  

LSM 12.3 [16]  

CGO 12.7 [16]  

NiO/8YSZ (60/40) 12.8 [15]  

Ni/8YSZ (60/40) 12.2 [15]  
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SOCs are also subjected to external forces, such as mechanical stresses during assembly of 

single cells into stacks, sealing, and handling [17]. The stress can also arise from chemically 

induced expansions or contractions (strains) resulting from the interaction of cell’s materials with 

the surrounding environment. For instance, expansion of Ni-based supports and electrodes due to 

the oxidation of Ni phase can result in around 1% strain [18]. Moreover, the uneven distribution of 

temperature in different components of cells during the operation and thermal and redox cycling are 

other causes of stresses in SOCs and stacks [17,18].  

1.3 Mechanical reliability of SOCs  

Ceramics are intrinsically brittle and have poor mechanical properties. Furthermore, reducing 

the thickness and density of a ceramic drastically decreases its mechanical robustness. The dense 

electrolyte in a SOC should preferably be thin (typically ~10-15 µm) to ensure the high power 

density and increase the performance of the cell [8,19]. The electrode layers are also typically thin 

(<50 µm) and are necessary to be porous enough (>30%) to provide the required gas permeability. 

As a result, the mechanical robustness of SOCs, made of thin porous ceramics, is an issue.  

To increase the structural reliability, SOCs are designed with a supported configuration. The 

supported SOCs can be categorized into two main groups, namely self-supporting and external-

supporting [20]. In the self-supporting design, one of the active layers is made thicker, and provides 

the mechanical strength for the cell. This group includes three configurations, i.e. fuel electrode-

supported, electrolyte-supported, and oxygen electrode-supported cells, as schematically shown in 

Figure 1-2 a-c. In the external-supporting design, the cell is attached to a thick structural support 

layer, as illustrated in Figure 1-2 d. Besides increasing the mechanical robustness of the cell, the 

support should be electrically conductive, and also porous enough to allow the appropriate 
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transportation of gassy reactants to the active layers. In addition, the coefficient of thermal 

expansion (CTE) of the support material should match with that of other cell components [21]. 

 

 

Figure 1-2 Main cell configurations in solid oxide cells, (a-c) self-supporting and (d) external-supporting 

designs. 

 

Among different cell configurations, the external-supported design having a Ni-YSZ substrate 

is the most common cell design [22–24], where the functions of fuel electrode (electrochemical 

reactions) and support (providing mechanical robustness) are well separated. The design provides 

the opportunity to develop cells with thin electrolyte and consequently facilitate the decrease of the 

SOCs operating temperature. The state-of-the-art material for the zirconia phase in the Ni-YSZ 

substrate is 3 mol% yttria stabilized zirconia (3YSZ). Mechanical properties of some of the main 

Dense electrolyte
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materials used in SOCs devices are presented in Table 1-2. As can be seen, 3YSZ has the highest 

fracture strength and toughness. Despite having some disadvantages such as low redox tolerance, 

Ni-3YSZ offers an excellent combination of fracture strength, toughness and compatibility with 

other cell components. This makes the Ni-3YSZ substrates promising for the further development 

of SOCs technologies.  

 

Table 1-2  

Typical mechanical properties of some common SOC materials. 

Material 

 

 

 

Young’s modulus  

(GPa) 

Weibull Strength 

(MPa) 

Toughness 

(MPa.m1/2) 

3YSZ   217 [25] 
423 [26] (1433 

[27]) 
5.8 [28] 

8YSZ   221 [25] 232 [26] (466 [27]) 1.7 [28] (1.79 [29]) 

10CGO  218 [25] 134 [26] 1.47 [29] 

LSM  108 [30] 52 [26] - 

NiO-3YSZ (60/40 mol%, 

~13% porosity) 
 183 [31] 412 [31]  3.05 [32] 

NiO-8YSZ (75/25 mol%, 

~13% porosity) 
 150 [33]  118 [33]  1.8 [33]  

 

In the external-supporting cell configuration, use of metal-based supports is also reported in 

literature. Metal-supported cells, offer some advantages compared to the ceramic-based designs, 

including lower material cost and enhanced tolerance to rapid thermal cycling and redox cycling 

[34]. Nevertheless, metal-supported cells are faced with several challenges for further development, 

including possible interactions of the metallic substrate with other elements in the cell (e.g. mutual 

inter-diffusion between the anode and substrate) and the substrate corrosion at cell’s operating 

conditions [35]. Moreover, degradation of the metallic substrate at the high firing temperatures 

required for densification of electrolyte is an issue, requiring a reducing atmosphere for sintering 
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[36]. Therefore, implementing the metallic substrates necessitates a modification in the cell 

fabrication methods, materials selection and electrode microstructure [21]. 

1.4 Motivation of the current work 

Mechanical reliability plays an imperative role in the performance and lifetime of SOCs 

devices. As discussed, SOCs are subjected to several sources of stresses. These stresses can result in 

the propagation of pre-existing cracks or defects (notches, pores) in the components of the cells. 

Also, they can create new micro cracks and defects [37]. This can cause the mechanical failure of 

the different cell components and finally the complete failure of the entire SOC stacks.  

In addition, further scaling up of SOCs points towards enlarging the size of the stacks. The 

“window frame” concept, where the existing cells are nested in a metallic steel frame [38,39] is a 

design to approach this, and has been considered by some manufacturers such as SOLIDpower and 

Ceres Power. This is a recent trend, and the consequence on the mechanical robustness of these 

stack designs are not yet known. Another approach could be to increase the cell size. The strength 

of ceramics drops by increasing their size, as the probability for the occurrence of large strength 

limiting cracks or defects in a larger ceramic body. Therefore, enhancing the mechanical properties 

of the cell support would be a great advantage for large-scale commercialization of SOCs 

technologies [17].  

Another important issue to consider is time-dependent mechanical behavior of SOCs, including 

slow (subcritical) crack growth and high temperature aging. The slow crack growth is a significant 

issue among ceramics, in which cracks in a stressed material propagate at stresses below the critical 

stress intensity factor, i.e. fracture toughness, of the material. This happens due to the interaction of 

corrosive elements in the surrounding environment with chemical bonds on the fracture surfaces. 

Zirconia-containing ceramics are reported to be highly sensitive to this phenomenon [40,41]. 
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Therefore, the slow crack growth can negatively influence the long-term stability of SOCs. 

Moreover, long-term aging of ceramics at high temperatures can cause mechanical degradation, e.g. 

by phase transformation in tetragonal zirconia grains.  

As introduced earlier in this chapter, the external supporting cell having Ni-3YSZ substrate on 

the fuel side (called from now on the fuel electrode-supported cell) is the state of the art cell 

configuration. Since the strength of the cells is determined by the strength of their structural 

supports, improvement of mechanical properties of the substrates, to make the cells both tougher 

and stronger and aging resistant, is advantageous to address the aforementioned durability issues 

associated with up-scaling of SOCs.  

Comparing the mechanical properties of Ni-3YSZ with Ni-8YSZ in Table 1-2 it is found that 

the latter has a considerably lower fracture strength and toughness. The composition and porosity of 

the two composites are relatively similar. However, the crystal structure of their zirconia phases is 

different. The 8YSZ, doped with 8 mol% yttria, has a cubic crystal structure, while the 3YSZ, 

doped with 3 mol% yttria, is in the tetragonal form. The improved mechanical properties of Ni-

3YSZ are reported to be a consequence of the transformation toughening that occurs in tetragonal 

zirconia ceramics, and is absent in the cubic zirconia [32,41]. The observed variation raises the 

question of whether a further improvement in the strength and toughness of SOCs substrates is 

achievable through benefitting more from the toughening mechanisms in zirconia phase. Answering 

to this question requires studying the toughening mechanisms in zirconia ceramics in detail. The 

best approach(es) should then be chosen considering the special characteristics of SOCs, in 

particular, high porosity of substrates, thin structure, and high temperature operating conditions. 
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Chapter 2  ‒ Zirconia: Mechanical properties and challenges  

In this chapter, characteristics of the transformation and ferroelastic toughening mechanisms in 

zirconia are reviewed. Challenges and practical aspects of implementing these toughening 

mechanisms to improve the mechanical properties of SOC fuel-electrode substrates are discussed. 

Lastly, the main ideas of the PhD project and structure of this dissertation are presented. 

2.1 Zirconia 

Zirconium Oxide (ZrO2), often referred to as Zirconia, is an interesting ceramic material 

extensively used in different engineering applications, including as structural support in membranes 

and SOCs, catalysts and catalyst supports, solid electrolyte in SOCs, and biomaterial. Zirconia has 

three crystallographic phases at ambient pressure, namely monoclinic, tetragonal and cubic. In pure 

zirconia, the monoclinic phase is the thermodynamically stable structure at temperatures below 

1175°C. The tetragonal structure is formed from 1175°C to 2370°C. The cubic phase is then the 

thermodynamically stable polymorph from this temperature to the melting point of the material, i.e. 

2750°C [42]. Cubic zirconia has a fluorite-type (CaF2) structure in which each zirconium ion is 

coordinated by eight equidistant oxygen ions. The tetragonal structure is a derivative of the fluorite 

cubic due to the displacement of oxygen ions along one of the cubic axes. The monoclinic zirconia 

is also a distortion of the fluorite structure, and the zirconium ions have coordination number of 7 

[43]. Figure 2-1 illustrate the crystal structure of the monoclinic, tetragonal and cubic zirconia. In 

addition to these three crystalline phases, at higher pressures the existence of some orthorhombic 

zirconia phases is also reported [43,44]. Table 2-1 presents the structural parameters of different 

crystallographic phases of pure zirconia. 
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Figure 2-1 Crystal structure of the cubic, tetragonal and monoclinic zirconia. Reprinted from [45] with 

permission from John Wiley and Sons, Copyright 2004. 

 

Table 2-1  

Crystallographic data of pure zirconia phases [43,44]. 

Phase 

Cell Parameters  

Space Group 

a (Å) b (Å) c (Å) Β (°) 

Monoclinic 5.1507 5.2028 5.3156 99.194 Fm3m 

Tetragonal 5.074 5.074 5.188 90 P42/nmc 

Cubic 5.117 5.117 5.117 90 P21/c 

Ortho I ⃰ (oʹ) 5.0431 5.2615 5.0910 90 Pbca 

Ortho II † 

(cotunnite) 
5.593 6.848 3.333 90 Pnma 

Ortho (o) ‡ 5.068 5.260 5.077 90 Pbc21 

*  Exist between 3.5-25GPa 
†  Stable above 25GPa 
‡  Observed in alloy systems 

 

During cooling from high temperatures the tetragonal to monoclinic phase transformation 

occurs at temperatures below 1000°C. This phase transformation is accompanied by an 

approximately 3-5% volume expansion. The resulting stresses create numerous cracks and defects 
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in ceramic body, and the material may even lose its integrity and break into smaller pieces [46]. As 

a result, this phase transformation should be avoided upon cooling.  

Tetragonal and cubic phases can under certain conditions be stabilized at low temperatures. In 

a pure zirconia, it is observed that the tetragonal polymorph is stable at room temperature provided 

that the crystallite size is below a certain value [47]. Above this critical grain size, the tetragonal 

grains will transform to the monoclinic ones. This critical size depends on several different 

parameters, including the precursor type, synthesis method and particle packing (degree of 

densification of the particles). The typical value is reported to be in the range of 10-50 nm [48,49]. 

Moreover, pure zirconia can also be stabilized in the cubic phase at room temperature. The critical 

crystallite size for the stabilization of the cubic phase is significantly lower, usually below 5 nm 

[50]. Although larger critical crystallite sizes as high as 20 nm have also been reported [51,52].  

Another approach to stabilize the tetragonal and cubic phases is doping the pure zirconia by 

other aliovalent cation(s) [42]. The stabilizing oxides can be categorized based on the valence of 

cation and its solubility in the zirconia lattice. The typical divalent cations used as stabilizer are 

Ca2+ and Mg2+ and have low solubility in zirconia. Y3+, Sc3+, and Gd3+ are the common trivalent 

stabilizers and have medium solubility. Ce4+ is a common tetravalent stabilizer, and its solubility is 

significantly higher than the di- and trivalent cations. In addition, pentavalent cations such as Nb5+ 

have also been used for stabilizing the high temperature tetragonal and cubic polymorphs at room 

temperature [42,53].  

Stabilization of the cubic phase requires higher content of dopants than that for stabilizing the 

tetragonal structure. Furthermore, the required amount of dopant varies in different types of 

stabilizing agents. Phase diagrams of doped zirconia systems for several dopants are reported in 

literature [54]. Though these phase diagrams provide general information about the effect of 
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stabilizer content on the stability of the three zirconia crystalline phases, the metastability behavior 

of zirconia makes the detailed understanding of the phases complicated.   

For instance, phase diagrams of the yttria doped zirconia and ceria doped zirconia systems are 

shown in Figure 2-2 a, and b, respectively. The diagrams have been revised and evolved over the 

primary constructed ones, mainly to develop the metastable regions (shown by the dashed lines) 

[55–57]. The metastability results from the extremely slow cation diffusion in zirconia. As an 

example, the estimated diffusion time to homogenize the stabilizer content with temperature in 

3YSZ is shown in Figure 2-3 [55]. As seen, at 1300°C a typical firing temperature of SOC 

components, approximately two and fifty weeks is required for compositional homogeneity to occur 

in 0.5 µm and 3 µm grains, respectively. Therefore, the stabilizer partitioning does not usually 

happen in the typical sintering temperatures and dwelling time of ceramics.  

 

 

Figure 2-2 Phase diagram of (left) yttria doped zirconia (Reprinted from [55] with permission from John 

Wiley and Sons, Copyright 2009) and (right) ceria doped zirconia (Reprinted from [57] with permission 

from Royal Society of Chemistry, Copyright 2006). Dashed lines represent the metastable boundaries (T0). 
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Figure 2-3 Estimated time required for homogenization of stabilizer at different temperatures in 3YSZ with 

0.5 and 3 µm grain size. Reprinted from [55] with permission from John Wiley and Sons, Copyright 2009. 

 

Another important factor to consider is the different phase stability behavior of zirconia 

materials in the nanocrystalline form compared to that in the micron-size grained structure. Some 

studies on the phase stability of nanocrystalline yttria doped zirconia can be found in literature 

[58,59]. Figure 2-4 illustrates the stable crystalline phases of yttria doped zirconia with different 

grain sizes at 25°C and 500°C [58]. Comparing to the Figure 2-2 a clear dependency of the stability 

range of different polymorphs on the grain size and temperature is observed. Figure 2-4 predicts 

that at 25°C the tetragonal phase in a pure zirconia is stable at grain size range of 8-10 nm, and a 

further increase in grain size results in the tetragonal to monoclinic phase transformation. However, 

as mentioned earlier the critical grain size for the tetragonal to monoclinic phase transformation can 

be significantly higher, up to 50 nm, in a constraint matrix. The same trend is also observed in the 
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doped zirconia [60]. This underlines the complicated metastability behavior of zirconia materials 

which is a complex function of stabilizer type and content, grain size and order of densification. 

 

 

Figure 2-4 Phase diagram of yttria doped zirconia representing the effects of grain size and temperature on 

the stability of amorphous (A), cubic (C), tetragonal (T) and monoclinic (M) phases. Reprinted from [58] 

with permission from Royal Society of Chemistry, Copyright 2016. 

 

The stabilized zirconia-based ceramics are typically categorized into 4 main groups, tetragonal 

zirconia polycrystals (TZP), partially stabilized zirconia (PSZ), zirconia toughened ceramic (ZTC) 

and fully stabilized zirconia (FSZ). TZP considered as a material containing solely tetragonal 

grains, though under certain conditions it can include minor cubic grains. Two common TZP 

materials are, ceria stabilized tetragonal zirconia (Ce-TZP), and yttria stabilized tetragonal zirconia 

(Y-TZP). PSZ refers to material in which the tetragonal (and sometimes the monoclinic) zirconia is 

precipitated in a cubic zirconia matrix. Calcia- and magnesia doped zirconia are common examples.  

ZTC refers to a ceramic toughened by dispersion of the tetragonal zirconia grains. Zirconia 

toughened alumina (ZTA) is a common example. Lastly, FSZ is a material consists of the cubic 

zirconia grains [45,55,61]. 
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2.2 Tetragonal zirconia 

Since the discovery of the transformation toughening mechanism in zirconia in the 70’s, 

zirconia as a structural ceramic has attracted great attention. Thanks to the transformation 

toughening mechanism, zirconia has an excellent combination of fracture strength and toughness at 

low temperatures. It is a material of interest in biomedical applications and as a substrate for 

ceramic membranes and SOCs that provides mechanical robustness. Moreover, finding of the 

ferroelastic toughening mechanism made zirconia a promising structural material for high 

temperature applications [55,61,62]. In what follows, the transformation and ferroelastic toughening 

mechanisms are explained in detail.  

2.2.1 Transformation toughening mechanism 

Phase transformation from the tetragonal to monoclinic phases has a martensitic nature. The 

transformation is athermal, diffusionless, and occurs quickly with a speed near the speed of sound 

[63,64]. The tetragonal to monoclinic phase transformation can be induced by stress and includes a 

shear strain and a volume change. The unconstraint transformation strain tensor (εt) is given by 

[65]: 

 

𝜀𝑡 =

(

 
 
 
 
 
 
𝑎𝑚𝑐𝑜𝑠 (

90 − 𝛽
2 ) − 𝑎𝑡

𝑎𝑡
0 𝑡𝑎𝑛 (

90 − 𝛽

2
)

0
𝑏𝑚 − 𝑎𝑡
𝑎𝑡

0

𝑡𝑎𝑛 (
90 − 𝛽

2
) 0

𝑐𝑚𝑐𝑜𝑠 (
90 − 𝛽
2 ) − 𝑐𝑡

𝑐𝑡 )

 
 
 
 
 
 

 
2-1 

 

 



17 
 

where am, bm, cm, and β are the unit cell parameters and the angle of the monoclinic crystal, 

respectively; at and ct are the tetragonal unit cell parameters. Considering equation 2-1 and the 

crystallographic parameters of tetragonal and monoclinic crystal structures it can be shown that the 

tetragonal to monoclinic phase transformation is associated with a large shear strain (~8%) and 

volume expansion (~3-5%) [65].  

The transformation toughening mechanism is a consequence of the stress-induced tetragonal to 

monoclinic phase transformation. Figure 2-5 illustrates schematically a propagating crack in a 

matrix of tetragonal grains. The transformation toughening occurs when the stress at the crack tip 

initiates the tetragonal to monoclinic phase transformation. The phase transformation dissipates the 

energy of the propagating crack. Furthermore, the resulting volume expansion of the grains located 

in the stress field around the crack tip creates compressive stresses, and thus increases the resistance 

against crack propagation. As a result, the stress intensity factor decreases at the crack tip. In other 

words, the effective toughness of the material increases [46,61]. The phase transformation can also 

result in two additional toughening phenomena, i.e. the stress induced microcracking and crack 

deflection in the process zone [45]. An interesting feature of the volume expansion occurring during 

the tetragonal to monoclinic phase transformation is that it is large enough to produce toughening, 

but not too large to cause the fracture of the material upon transformation [43].   

In order to benefit from the transformation toughening mechanism, the tetragonal grains should 

be retained to the service temperature, indicating that the tetragonal to monoclinic phase 

transformation should be prevented upon cooling form the high sintering temperature. This is 

important as the transformation not only decrease the number of tetragonal grains available for 

providing the toughening, but also introduces numerous cracks in the ceramic body decreasing its 

mechanical strength. In addition to this stability at the service temperature, the tetragonal grains 

need to have the potential to transform to the monoclinic phase under the applied stress. To achieve 
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this so called transformability feature, the over-stabilization of the tetragonal phase must be 

avoided. An important feature of the transformation toughening is that if the tetragonal grains are 

very small, much smaller than the critical size of the tetragonal to monoclinic phase transformation, 

they cannot undergo the phase transformation when exposed to external stresses (Figure 2-5). The 

highest transformation toughening is ideally achieved if the tetragonal grains have a narrow size 

distribution very close to the critical value of the transformation. 

 

 

Figure 2-5 Schematic illustration of the transformation toughening mechanism; the athermal nature of the 

tetragonal to monoclinic phase transformation is schematically shown in the transforming grains ahead of the 

propagating crack. Moreover, the large formed monoclinic grains and the small tetragonal grains (that do not 

undergo the phase transformation) are also represented. 

 

The grain growth taking place during the heat treatment of zirconia ceramics can cause the 

tetragonal to monoclinic phase transformation to occur if the critical grain size (for preventing the 

spontaneous transformation upon cooling) is surpassed. This critical grain size depends not only on 

Propagating crack

Stress field around the 

propagating crack

Metastable tetragonal grains (     small grains that don’t transform) 

Grains undergoing athermal tetragonal to monoclinic transformation

Formed monoclinic grains
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the type and content of stabilizer but also on the density of the ceramic body. Table 2-2 presents the 

typical critical grain size for pure and yttria doped zirconia. As can be seen, the critical grain size 

for the transformation in a bulk solid material is larger than that in the powder form. The tetragonal 

to monoclinic phase transformation can occur more readily in a porous tetragonal zirconia ceramic 

due to the lower extent of constraints on the transforming grains from the neighboring matrix 

[65,66]. 

 

Table 2-2  

Critical grain size for stabilization of the tetragonal phase at room temperature in pure and yttria doped 

zirconia at different yttria concentration (the critical grain size decreases by increasing temperature as the 

stability of the tetragonal phase increases). 

YO1.5 mol% 

Critical grain (crystallite) size (nm) 

Calcined powders Sintered bulk material 

0 15-45 [48] - 

1 30 [60] 70 [60] 

2 51 [60] 100 [60] 

3 71 [60] 155 [60] 

4 - 733 [67] 

6‡ - 1370 [68] 

‡ With minor monoclinic content (6%) 

 

Since the critical grain size in a pure zirconia is significantly lower than that in the doped one, 

the maximum heat treatment temperature to retain the tetragonal phase is relatively low, typically 

between 500-800°C. Use of this range of temperatures for sintering of thin zirconia layers has been 
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reported in literature [69]. In most cases, however, the required firing temperature is considerably 

higher, typically above 1200°C, and the tetragonal phase in the pure zirconia cannot be retained 

upon the subsequent cooling to the room temperature. As a result, a doped zirconia with a higher 

critical crystallite size (~300) is typically necessary in most engineering applications to fulfill the 

stability requirement. While using the doped zirconia, another challenge is to use an appropriate 

amount of stabilizer such that the transformability requirement is satisfied.  

To choose the appropriate amount of stabilizer several parameters need to be taken into 

account, including type of the stabilizing cation, sintering profile, the target density and the 

operating conditions of the ceramic body. The latter is important as some operating conditions, e.g. 

a humid atmosphere, can accelerate the tetragonal to monoclinic transformation; consequently a 

different stabilizing strategy is required (the aging issues are covered later in this chapter). For an 

effective transformation toughening the stabilizer content should put the grains in the stable region 

of the tetragonal phase, but close to the transformation to monoclinic phase boundary. Lower and 

higher amount of stabilizer will lower the stability and over-stabilize the tetragonal phase, 

respectively.  

The temperature at which the spontaneous tetragonal to monoclinic phase transformation 

occurs is referred as martensitic transformation temperature (Ms). For the tetragonal zirconia to be 

stable at room temperature the Ms should be below room temperature. The lower the martensitic 

temperature, the higher stability of the tetragonal phase will be [70–72]. As a result, the highest 

fracture toughness is achieved at temperatures very close but above the Ms [73]. Increasing the 

stabilizer content and decreasing the grain size both reduce the Ms, consequently the 

transformability of the tetragonal to monoclinic grains [74–78]. Figure 2-6 shows the effect of 

stabilizer content and grain size on the Ms of yttria doped zirconia [76]. 
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Figure 2-6 Effect of stabilizer content and grain size on the martensitic transformation temperature in yttria 

doped zirconia. Reprinted from [76] with permission from Elsevier, Copyright 1989.  

 

Among different additives used for the stabilization of the tetragonal phase, Yttrium and 

Cerium are probably the most studied stabilizers [42,62]. The microstructural and mechanical 

properties of Yttria doped zirconia and Ceria doped zirconia ceramics have extensively been 

investigated in literature. The yttria doped zirconia ceramics have smaller grain sizes compared to 

their ceria stabilized counterparts. Grain growth in a doped zirconia is influenced by the segregation 

of dopants to the grain boundaries. In yttria doped zirconia, the segregation of yttrium to the grain 

boundaries is significantly high, and prevent the grain growth through a solute drag mechanism 

[79,80].  For instance, in 3YSZ, segregation of yttrium cations to the vicinity of grain boundaries 

was observed in a ceramic sintered at 1100°C. Increasing the sintering temperature increased the 

concentration of yttrium cations near the grain boundaries and even resulted in the formation of 

yttria-rich cubic grains [81]. On the other hand, segregation of the cerium cations is remarkably 
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lower. In ceria stabilized zirconia ceramics a higher sintering temperature (or longer sintering time) 

is required to achieve a dense ceramic, which results in larger grain sizes [82].  

The small grain size of yttria stabilized zirconia is advantageous for plastic deformation of the 

ceramic. Compared to the zirconia stabilized with ceria, the yttria doped zirconia ceramics have 

thus higher strength. On the other hand, the fracture toughness of ceria doped zirconia is 

considerably higher than yttria doped zirconia [83]. Figure 2-7 shows the strength and fracture 

toughness of these two types of zirconia ceramics having different concentration of stabilizer 

[83,84]. As seen, there is a significant difference in the magnitude of fracture toughness and 

strength of ceria doped and yttria doped zirconia. 

  

 

Figure 2-7 Strength and fracture toughness of yttria doped zirconia (Reprinted from [83] with permission 

from Elsevier, Copyright 1987) and ceria doped zirconia (Reprinted from [84] with permission from 

Springer Nature, Copyright 1985)  at different stabilizer concentration.  
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In yttria doped zirconia system, the material with 2.5 mol% yttria has the maximum strength. 

By increasing the yttria content, the strength decreases as the stability of the tetragonal phase 

increases. Lowering the yttria content from 2.5 mol% Y to 2 mol% Y decreases the strength 

drastically, because the low stabilizer concentration results in the tetragonal to monoclinic phase 

transformation upon cooling from the high sintering temperature. The associated volume creates 

cracks and defects in the microstructure, consequently decreases the strength of the ceramic. 

Nevertheless, the highest fracture toughness is seen at the 2 mol% yttria. Decreasing the stabilizer 

from 3Y to 2Y has a positive effect on toughness as it increases the transformability of the 

tetragonal phase. Further decrease, however will cause the tetragonal to monoclinic phase 

transformation to occur to a very large extent, as a result losing the tetragonal grains required for an 

effective toughening [83]. The same explanation applies for the variation of fracture toughness and 

strength with stabilizer concentration in ceria doped zirconia ceramics.  

2.3 Low-temperature degradation of tetragonal zirconia 

Low-temperature degradation (LTD) is undoubtedly one of major challenges for the practical 

use of zirconia as a structural ceramic. The LTD is a phenomenon in which the tetragonal to 

monoclinic phase transformation occurs undesirably at low temperatures, and it is accelerated in the 

presence of humidity [55]. The resulting volume expansion results in the formation of a micro- and 

macro-cracks. The strength and toughness of the material thus largely decrease due to the generated 

cracks and the loss of transformable tetragonal grains. The LTD is a time dependent process and 

starts from the surface of the material. By increasing the aging time, the degradation depth and 

consequently the mechanical degradation increases [85,86]. Although the degradation process is 

most pronounced at temperatures above 100°C (with a maximum rate at temperatures between 250-
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400°C), it can also happen at lower temperatures [87,88]. LTD is thus an issue while using zirconia 

in-vivo, e.g. in biomedical applications, or even in ambient conditions.  

This sensitivity to LTD depends on several parameters, to name a few; grain size, as well as the 

type and concentration of stabilizer(s). Increasing the grain size will increase the susceptibility of 

the ceramic to the LTD [55,81,85]. In some studies a critical grain size to prevent the tetragonal to 

monoclinic phase transformation in a zirconia exposed to LTD conditions is specified. For instance, 

this critical size for a 3Y-TZP ceramic has been reported as 300 nm [82], significantly smaller than 

the critical size for preventing the spontaneous transformation upon cooling (i.e. ~1 µm). 

Nevertheless, the existence of such critical grain size to retain the tetragonal phase under LTD 

conditions is not fully proved [89]. Type and content of stabilizing agent are also of great 

importance. Increasing the stabilizer content increases the resistance against the LTD. In addition, 

yttria stabilized tetragonal zirconia is more vulnerable to low temperature aging in the presence of 

humidity than the ceria stabilized tetragonal zirconia ceramics [90].  

2.4 Co-doping of tetragonal zirconia 

Despite having interestingly high strength, yttria stabilized tetragonal zirconia is highly 

sensitive to low temperature aging in the presence of humidity. Ceria stabilized tetragonal zirconia 

has better resistance against the low temperature degradation [82,91]. In addition, they are cheaper 

and exhibit higher fracture toughness. However, the very low fracture strength of Ce-TZP ceramics 

is their main drawback. Co-doping zirconia with ceria and yttria is a promising approach to address 

the low temperature aging resistance of Y-TZP and low fracture strength of Ce-TZP ceramics, and 

has been investigated in several works [92–97]. Increasing yttria content in Ce-Y-TZP typically 

decreases the grain size and fracture toughness of the ceramic, while it has a positive influence on 

the fracture strength. Figure 2-8 shows the fracture toughness and grain sizes of ceria-yttria co-
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doped zirconia having different concentration of stabilizers [93]. The ceramics were all sintered at 

1500°C for 2 h and with a density more than 97% of theoretical density.  

  

 

Figure 2-8 Fracture toughness of ceria-yttria co-doped zirconia at different concentration of stabilizers; Grain 

size and fracture toughness decrease by increasing the yttria content. Reprinted from [93] with permission 

from Elsevier, Copyright 2003. 

  

As seen in Figure 2-8 the sample with 5.5 mol% Cerium and 1.5 mol% Yttrium has the highest 

fracture toughness. However, the strength of this sample was significantly lower, ~350 MPa 

compared to that of the 6 mol% yttrium stabilized zirconia sample (787 MPa), which can be 

explained by the low content of stabilizer resulting in spontaneous transformation of the tetragonal 

to monoclinic phase upon cooling form the sintering temperature.  

The stability boundary of the tetragonal phase after hydrothermal aging at 200°C for 1000 h is 

illustrated in Figure 2-9. Generally, it is concluded that the content of stabilizers need to be tuned in 

order to achieve the optimum strength, toughness and aging resistance.  
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Figure 2-9 Stability boundary of the tetragonal phase for ceria-yttria co-doped zirconia after aging at 200°C 

for 1000 h. Adapted from [93] with permission from Elsevier, Copyright 2003. 

  

2.5 Effect of temperature on the transformation toughening  

As discussed, for the metastable tetragonal zirconia-based ceramics to benefit from the 

transformation toughening mechanism the tetragonal to monoclinic phase transformation needs to 

take place under an applied external stress. However, the Achilles’ heel of these materials for use in 

high temperature applications is the decrease in the extent of the martensitic transformation, and as 

a result the toughening effect, by increasing temperature [98]. The transformation toughened 

zirconia-based ceramics are thus of more interest for use in low temperature applications (e.g. body 

temperature in the biomedical use). 

In a metastable tetragonal zirconia the driving force for the tetragonal to monoclinic phase 

transformation decreases by increasing the temperature as the tetragonal phase becomes 

thermodynamically more stable. For instance, for 3YSZ single crystals it is reported that the 

martensitic transformation does not occur at temperatures above 900°C [99]. The fracture toughness 
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of 3Y-TZP at room temperature, 450°C and 850°C are reported to be 5, 3.5 and 2.1 MPa.m1/2, 

respectively, indicating a significant weakening with increasing temperature [27]. To compare, the 

fracture toughness of 8YSZ, i.e. a cubic zirconia material in which the transformation toughening 

effect does not exist, is reported to be 1.61 and 1.02 MPa.m1/2 at 25 and 900°C, respectively [100]. 

Fracture toughness of 2.5Y-TZP with different grain size and at different temperatures is 

shown in Figure 2-10 [101]. The toughness decreases by increasing temperature, irrespective of the 

grain size of the material, but the decrease for the material with the average grain size of 750 nm is 

more substantial. For samples with average grain sizes of 180 and 300 nm the drop in fracture 

toughness was lower and with a more gradual trend. Furthermore, the authors could not detect any 

monoclinic phase on the fractured surfaces of these samples. It was thus proposed that the high 

observed toughness is not derived from the transformation toughening mechanism, but probably 

from the crack deflection [101].  

 

 

Figure 2-10 Fracture toughness of 2.5YSZ having the grain size of 180 nm (●), 300 nm (○) and 750nm (□) 

with temperature. Reprinted from [101] with permission from Springer Nature, Copyright 1992. 
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2.6 Ferroelastic toughening 

As mentioned, transformation toughening mechanism is a consequence of the transformation of 

transformable tetragonal phase to the monoclinic one. The stability of tetragonal phase increases by 

increasing temperature, causing the transformation toughening to be less effective for high 

temperature applications. More recently, another toughening mechanism in zirconia has been 

discovered that is not sensitive to temperature. This so-called Ferroelastic toughening mechanism 

occurs when the stress in the stress field around a propagating crack induce reorientation of the c-

axis of the tetragonal-prime (tʹ) zirconia via a ferroelastic domain switching. The energy dissipated 

in this phenomenon decreases the stress at the crack tip, thus the energy for crack propagation. The 

ferroelastic domain switching process is schematically shown in Figure 2-11 [61,102,103]. 

 

 

Figure 2-11 Schematic illustration of the ferroelastic domain switching providing the ferroelastic toughening 

effect in zirconia.  
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In a ferroelastic material, the ferroelastic transition is associated with a permanent strain and a 

stress-strain hysteresis loop [103]. The hysteresis loop is schematically shown in Figure 2-12. If the 

stress level around the propagating crack surpasses the coercive stress, σc, domain switching occurs 

and toughening occurs as a consequence of the related stress-strain hysteresis. In the presence of a 

tensile stress acting along one of the a-axes of the tetragonal crystal, the a-axis lengthens and 

converts to a c-axis, while the previous c-axis turns to the new a-axis. Moreover, a compressive 

stress acting along the c-axis reduces it to an a-axis, while one of the a-axes becomes the new c-axis 

[103,104]. The shaded area in Figure 2-12 demonstrates the energy absorbed due to the realignment 

of domains [61,103].  

 

Figure 2-12 Schematic representation of a stress-strain hysteresis loop in a ferroelastic material; the coercive 

stress and spontaneous strain are shown by σc and εs, respectively. The shaded area shows the energy 

absorbed in the realignment of domains [61,103]. 

 

The domain switching strain is described by [104]: 
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where c and a are the tetragonal lattice parameters. The ratio of the tetragonal c-axis to a-axes 

is termed as tetragonality. A higher tetragonality will result in a larger strain associated to the 

ferroelastic domain switching. A larger strain results in larger energy dissipation during domain 

switching and thus a higher toughening effect. 

Studies show that the coercive stress and the hysteresis are relatively temperature independent 

[104]. Therefore, the ferroelastic toughening mechanism is not affected by the operating 

temperature. This resulting high fracture toughness and strength of zirconia at elevated temperatures 

has made it the material of interest for high temperature applications where excellent mechanical 

properties is necessary, e.g. in thermal barrier coatings [105,106].  

In order to obtain an effective ferroelastic toughening, the tetragonal zirconia needs to have 

two essential features, namely high tetragonality and high crystalline phase stability. As concluded 

form Equation 2-2, increasing the tetragonality will provide a higher degree of ferroelastic 

toughening. Moreover, the tetragonal crystalline phase must remain stable during ceramic 

processing, operation and thermal cycles, indicating that any transformation to the monoclinic 

and/or cubic phases needs to be prevented [107–109]. Transforming to the cubic phase decreases 

the fracture toughness and strength due to the lack of toughening in cubic grains. In addition, the 

tetragonal to monoclinic phase transformation creates detrimental cracks and defects as a result of 

the corresponding volume expansion, thus degrading the mechanical properties. As a result, the 

stabilizer(s) content should be appropriately chosen to provide this non-transformable tetragonal 

phase. 

In yttria doped zirconia system, the range of stabilizer content providing the tʹ-ZrO2 for 

operating temperatures below 1300°C is shown in Figure 2-13 (the hatched area) [110]. 

Considering the tetragonal-monoclinic and cubic-tetragonal metastable boundaries, a higher 
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stabilizer concentration than the maximum of this range may stabilize the cubic phase, while a 

lower content of Y generates a metastable tetragonal, that can transform to the monoclinic phase. In 

the hatched area, by increasing the stabilizer content, a more stable tetragonal phase is obtained. 

However, the tetragonality of the stabilized phase decreases [110,111].  

 

 

Figure 2-13 Stabilizer concentration range to stabilize the non-transformable tetragonal zirconia at 

temperatures up to 1300°C (shaded area) in yttria doped zirconia system. Reprinted from [110] with 

permission from John Wiley and Sons, Copyright 2007. 

 

 While having enough stabilizer to assure the high stability, the tetragonality of the non-

transformable tetragonal zirconia can still be increased. Doping zirconia with an undersized cation 

having the valence equal or higher than that for zirconium cation, e.g. Ti4+ and Ta5+, is a promising 

approach. The oxidation number ≥ 4 is necessary to avoid generation of oxygen ion vacancies to 

retain the electroneutrality, which in turn can result in stabilization of the cubic zirconia. Moreover, 
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application of these cations cannot solely stabilize the non-transformable tetragonal zirconia, and 

using another stabilizer such as Y3+ or Ce4+ is inevitable [110,111].  

The tetragonality and fracture toughness of ZrO2-YO1.5-TiO2 [109,110,112], ZrO2-CeO2-TiO2 

[111] and ZrO2-YO1.5-TaO2.5 [113] systems at different compositions of dopants are reported in 

literature. As an example, the typical tetragonality and energy release rate of Y-Ti co-doped 

zirconia at different concentration of dopants is presented in Figure 2-14. The energy release rate 

increases with increasing the tetragonality of the zirconia phase, as predicted by the domain 

switching strain equation [110,112]. It is however important to consider the possibility of changing 

the amount of the non-transformable tetragonal phase (e.g. by formation of secondary phases) by 

changing composition and heat treatment profile.  

 

 

Figure 2-14 Energy release rate of Y-Ti co-doped zirconia vs. the tetragonality of the tetragonal phase (data 

labels shows the composition, i.e. mol% of YO1.5 ‒ mol% of Ti [110,112]. 

 

0

10

20

30

40

50

60

70

80

90

100

1 1.005 1.01 1.015 1.02 1.025 1.03

E
n

er
g

y
 r

el
ea

se
 r

at
e 

(J
/m

2
)

Tetragonality (c/a)

8‒0
8‒4

8‒8

8‒12

8‒16

15.2‒0

7.6‒0

7.6‒7.6

7.6‒15.2



33 
 

2.7 High temperature degradation 

For a reliable mechanical performance of zirconia based ceramics, the stability of the 

tetragonal zirconia (both the metastable and non-transformable ones) over the long service time is 

crucial. For the transformation toughened zirconia based ceramics, the degradation at low 

temperatures (LTD) is probably the most important issue, as discussed previously. However, the 

stability can also be problematic while aging these materials at high temperatures, a phenomenon 

that has not been paid much attention as the LTD, due to the limited high temperatures applications 

of transformation toughened zirconia materials.  

As discussed, the tetragonal to monoclinic phase transformation can occur athermally during 

cooling from high sintering temperatures. The transformation is influenced by the stabilizer type 

and content, grain size, and particle packing. However, it is reported that the phase transformation 

can also take place isothermally, while aging at high temperatures [114,115]. Lin and Duh 

[114,115] studied the effect of aging at 900°C on the phase stability of yttria and ceria doped 

zirconia with different stabilizer concentration. It was observed that aging at high temperatures can 

increase the size of tetragonal crystals, and also cause the isothermal tetragonal to monoclinic phase 

transformation (at 900°C).  

This phase transformation increases the nucleation sites that result in a further formation of 

monoclinic phase upon the subsequent cooling to room temperature. The extent of the tetragonal 

phase transformation, both at high temperature and during cooling, is dependent on the aging 

conditions (time and temperature) and the stability of material itself (stabilizer type and content, 

grain size and density). A short aging time may not result in monoclinic formation or just formation 

upon cooling. A longer aging, on the other hand, can lead to the formation of the monoclinic phase 

both during aging and upon the cooling step [114,115]. Figure 2-15 shows the volume percent of 
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the tetragonal phase preserved in different zirconia compounds after aging at 900°C for different 

dwelling times [115]. 

In addition to transformation toughened zirconia ceramics, the stability of the non-

transformable tetragonal zirconia at high temperatures during service can also be an issue, as 

introduced briefly while explaining the ferroelastic toughening mechanism.  

 

 

Figure 2-15 Amount of tetragonal phase retained in ceria and yttria doped zirconia aged at 900°C for 

different dwelling time. Reprinted from [115] with permission from John Wiley and Sons, Copyright 2005. 

 

Here it is required to mention the slow crack growth phenomenon, as introduced in the Chapter 

1. Zirconia ceramics are highly susceptible to the slow crack growth, especially in humid 
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environments. The reaction of water molecules with surface Zr‒O‒ Zr bonds at the crack tip results 

in the formation of surface hydroxyls [116] (Figure 2-16). The crack can thus propagate at stresses 

below the materials fracture toughness. This can significantly affect the long term mechanical 

reliability of zirconia ceramics [40,116].  

  

 

Figure 2-16 Schematic illustration of the three stages of interaction of water molecules with Zr‒O‒Zr bonds 

at the crack tip; adsorption of water molecule to Zr‒O band (1), simultaneous proton and electron transfer (2) 

resulting in the formation of hydroxyls (Zr‒O‒H) at surface (3). Reprinted from [116] with permission from 

Elsevier, Copyright 2002. 

 

2.8 Conclusions and ideas for the PhD project 

Two main toughening mechanisms in zirconia were discussed in this chapter. Mechanical 

properties of zirconia containing ceramics can be improved by tailoring the materials’ composition 

in a way that a more effective toughening is achieved. In addition, the salient parameter for 

mechanical reliability of zirconia is the long term stability of the metastable tetragonal (in the 

transformation toughened zirconia) and the non-transformable tetragonal (in the ferroelastic 
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toughened zirconia) phases at their service conditions. In other words, any undesired phase 

transformation from tetragonal to the monoclinic and cubic phases should essentially be prevented. 

A proper materials selection to implement zirconia as a structural ceramic in solid oxide cells 

needs to take the following characteristics of the devices into account:  

o High porosity: The zirconia-toughened support has a high porosity. This is important as 

strength and fracture toughness typically decrease by increasing porosity. Moreover, the 

stability of metastable tetragonal grains is highly dependent on the surrounding matrix 

constraints, which is lower in a porous structure.  

o The operating conditions: At typical operating temperatures of solid oxide cells the 

driving force for of the tetragonal to monoclinic phase transformation is dramatically 

low. Furthermore, the humid atmosphere at the support can result in undesired 

tetragonal to monoclinic phase transformation, thus degrading the mechanical 

properties. 

As mentioned earlier, the Ni-3YSZ supports are the current state-of-the-art material in 

external-supported cell design. Mechanical properties of this system are studied by several authors 

[22,24,31,32,117,118]. The fracture toughness and strength of Ni(O)-3YSZ are reported to be 

significantly higher than those of Ni(O)-8YSZ. They however decrease by increasing temperature 

as expected due to drop in the driving force for the tetragonal to monoclinic phase transformation. 

Studies on the effects of long term aging at operating conditions of SOCs on the phase stability and 

mechanical degradation of 3YSZ based supports are however rare in literature. 

In this PhD project, two approaches, namely the transformation and ferroelastic toughening 

mechanisms were studied to improve the strength, toughness and aging resistivity of NiO-doped 

zirconia SOC supports. In the first approach, type and content of stabilizers were tailored in order to 
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benefit the most from the transformation toughening mechanism. In this regard, Y-Ce co-doped 

zirconia materials were investigated. In the second approach, the ferroelastic toughening 

mechanism was studied. This is in particular interesting as this toughening mechanism is reported to 

be temperature invariant. Y-Ti and Ce-Ti co-doped zirconia were studied to achieve non-

transformable tetragonal zirconia materials with high tetragonality. To the best of our knowledge, 

there is no work reporting these approaches for improving the mechanical properties of SOCs 

supports.  

2.9 Overview of the research activities 

The research activities of this study can be categorized into different stages, as follows: 

The stability of the metastable tetragonal phase in Ce-Y co-doped zirconia powders and pellets 

was investigated. Continuous hydrothermal flow synthesis was used for preparation of powders 

with different compositions. Based on the results of this stage, tetragonal to monoclinic phase 

transformation boundary diagrams in Ce-Y co-doped zirconia at different temperatures and sample 

densities were developed. The results are presented in an article, as provided in Chapter 3.   

Based on the developed transformation boundary diagrams in chapter 3, several doped and co-

doped zirconia were chosen to prepare NiO‒metastable tetragonal zirconia supports. The fracture 

toughness, strength, and high- and low-temperature aging of the samples were then studied. The 

results are presented in two articles, making up the Chapter 4 (fracture toughness and high-

temperature degradation) and Chapter 5 (strength and low-temperature degradation). 

Several Y-Ti and Ce-Ti co-doped zirconia powders were synthesized using the reverse co-

precipitation method and their crystalline phase was studied. A compound with high tetragonality 

was used to prepare NiO‒t'-zirconia supports. Fracture toughness of the samples was evaluated at 
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room temperature and 800°C. Results of this part of the PhD project are presented in an article, as 

provided in Chapter 6. 

 In order to have a reliable measurement of fracture toughness, the double torsion method was 

used in this PhD project. A double torsion fixture suitable for measuring fracture toughness at 

controlled atmosphere and temperature was designed and developed. In parts of this research, the 

double torsion method was assessed for studying slow crack growth behavior of thin and porous 

zirconia, the typical geometry of SOCs supports. The results are presented in an article, as provided 

in Chapter 7.  
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Abstract 

Ceria-Yttria co-doped tetragonal zirconia is an attractive material having optimized strength, 

toughness and thermal stability. In order to benefit effectively from the transformation toughening 

mechanism in the tetragonal zirconia polycrystals (TZP) ceramics, the tetragonal phase needs to be 

retained after cooling from the usual high sintering temperatures. Furthermore, to ensure high 

transformability it is necessary to avoid over-stabilization of the tetragonal phase. In this study, the 

tetragonal to monoclinic transformation boundary diagrams for low content Ceria-Yttria co-doped 

zirconia system for different sintering temperatures and powder packing were developed. Several 

co-doped zirconia powders with different stabilizers content were synthesized via the continuous 

hydrothermal flow synthesis method, and were characterized by means of transmission electron 

microscopy and X-ray powder diffraction. The results showed the advantages of the method in 

synthesizing fine tetragonal zirconia particles with controlled morphology. The synthesized 

powders and some commercial powders were then heat treated in the form of powders and pellets 

between 1150 and 1500°C and their crystalline structure after cooling to room temperature was 

studied. The results were used to map out the stability range of the tetragonal phase for different 

stabilizers content and different particle packing. The developed diagrams are useful tools to select 

the appropriate amount of stabilizers applicable for different sintering temperatures and for samples 

with different densities.  
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Introduction 

Tetragonal zirconia has attracted a significant attention due to its wide range of applications 

from structural and engineering ceramics to catalytic materials. Superior mechanical properties of 

tetragonal zirconia have also made it an interesting structural ceramic for use in solid oxide fuel and 

electrolysis cells, membranes, and biomedical applications [1–7].  

Zirconia has three crystalline phases at ambient pressure, i.e. monoclinic, tetragonal and cubic. 

Monoclinic is the thermodynamically stable phase at room temperature, which transforms to the 

tetragonal phase at 1170°C. Tetragonal zirconia further transforms to the cubic phase at 2370°C, 

which is the stable phase up to the melting point. On the other hand, tetragonal crystalline phase can 

under certain conditions also be stable at room temperature [8], in a metastable form. This 

metastable tetragonal can be fully retained while being calcined to temperatures in the range of 400-

800°C. However, further increase in the temperature will result in the tetragonal to monoclinic 

phase transformation during the cooling step [9–12]. The phase transformation entails a volume 

expansion and a shear strain of approximately 4 and 16%, respectively [13]. 

For many engineering applications, the ceramic processing includes sintering at relatively high 

temperatures, usually above 1100°C. Consequently, the metastable tetragonal based on pure 

zirconia, capable of undergoing the transformation toughening mechanism, cannot be practically 

considered. However, the tetragonal zirconia can also be retained at room temperature by doping 

enough amounts of stabilizing agents. The stabilizer content should be high enough to preserve the 

tetragonal phase upon cooling from a high sintering temperature, while avoiding over-stabilization. 

Maintaining the tetragonal phase prevents volumetric expansion from spontaneous transformation 

to monoclinic zirconia, which would namely result in formation of micro-cracks in the 

microstructure and have detrimental effects on the mechanical properties of the ceramic especially 
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on its fracture strength [14–18]. It also enables the phase transformation toughening mechanism: 

this mechanism occurs when the stress field around a propagating crack initiates a stress-induced 

martensitic tetragonal to monoclinic phase transformation; the volume increase associated to the 

transformation leads to extra work associated with the crack propagation and consequently to a 

tougher material. Thus, the stabilizer content should be sufficiently close to the critical amount, in 

order to increase the transformability of the system and make it more prone to undergo the 

transformation with the stress field at the crack tip [19,20]. 

To summarize, in order to benefit the most from the transformation toughening mechanism, 

two paramount parameters should be balanced, i.e. meta-stability of the tetragonal phase and 

transformability of the tetragonal phase [18,21,22]. Optimum strength and fracture toughness are 

achieved when the tetragonal zirconia is maintained after sintering and cooling but not over-

stabilized.  

The right amount of stabilizer can be very difficult to choose, as it is influenced by several 

different factors such as density, grain size, and sintering temperature. For example, in porous 

bodies, which are widely used as the support component for solid oxide fuel and electrolysis cells 

and membranes, the tendency for the tetragonal to monoclinic transformation is higher [23,24], 

increasing the challenge of balancing the stabilizer content. Nanocrystalline structures are another 

example. They have the potential for achieving a very high toughness by decreasing the stabilizer 

content, since their relatively small grain size, initially and after sintering, can inhibit loss of the 

tetragonal phase [25]. However, a significantly lower fracture toughness is also reported in the 

literature in nanostructured stabilized zirconia ceramics as compared to zirconia with larger grains 

[26]. The reason has been attributed to the lower transformability of the smaller grains [26,27]. As a 

result, the best condition for having the highest transformability is to have a microstructure with a 

narrow grain size distribution below, although very close to, the critical grain size of the specific 



53 

 

stabilized zirconia compound. Another factor to consider is the quantity of monoclinic or cubic 

phases formed that take up space for tetragonal crystals thereby decreasing the number of potential 

grains for the stress-induced transformation.  

Yttria and ceria stabilized tetragonal zirconia (Y-TZP and Ce-TZP) have been widely studied 

and used for ceramics containing tetragonal zirconia polycrystals due to their excellent mechanical 

properties [13,22]. Compared to Y-TZP, Ce-TZP has a higher toughness but a lower strength. 

Moreover, Ce-TZP is less prone to low temperature degradation (LTD) [16,18,28]. Therefore, Ce-Y 

co-doped stabilized zirconia is a promising alternative to optimize the strength, toughness and 

thermal stability of TZP ceramics [29–37]. Lin and co-workers [33–35] studied the mechanical 

properties of ceria-yttria co-doped zirconia ceramics having different amounts of stabilizers and 

sintered at 1500°C. They concluded that CeO2 and YO1.5 contents of 6.5-7 mol% and 2.25-3 mol%, 

respectively were the optimum amounts giving the highest toughness and strength. Duh and co-

workers [29] reported a very high toughness for the zirconia ceramic stabilized with 5.5 mol% CeO2 

and 2 mol% YO1.5 sintered at 1500°C. Hue and co-workers [31] reported that ceramic with 10 

mol% CeO2 and 1 mol% YO1.5 sintered at 1500°C was the toughest material; however, the studied 

materials had considerable amounts of monoclinic phase. Thus, there is a discrepancy in literature 

for the range of Ce-Y stabilizers providing the optimum strength and toughness, also with respect to 

the amounts of the formed monoclinic phase for different stabilizers compositions [30,32,36].  

For porous structures, the typical lower sintering temperatures can make it possible to decrease 

the stabilizer content without experiencing the tetragonal to monoclinic phase transformation, and 

thus gain further strength and fracture toughness. The stability of the tetragonal phase in a porous 

form is on the other hand lower than that in a dense structure. Therefore, it is important to 

understand the dependency of the stability of the tetragonal phase on density and sintering 

temperatures. There is however a lack of studies on appropriate Ce-Y stabilizer contents optimizing 
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strength and toughness in porous systems, also while using lower ranges of sintering temperatures, 

i.e. below 1200°C. Although some works have studied the equilibrium phase diagram data using 

thermodynamic calculations [38–40], the metastable phase diagram studies for ZrO2–Y2O3–CeO2 

system are rare in literature. Moreover, stabilized zirconia powders especially in the nanocrystalline 

form, often show different metastable tetragonal phase stability behavior compared to the 

equilibrium phase diagram data [41–43], so it is necessary to study the stability ranges of the 

metastable tetragonal zirconia when varying sintering temperature and particle packing in Ce-Y co-

doped zirconia.  

Consequently, the objective of this work is to map out the stable domains for the tetragonal Ce-

Y co-doped zirconia for both porous and dense states, in terms of stabilizer content and sintering 

temperatures. This is essential to achieve the highest possible fracture toughness for zirconia, as 

explained above. We have thus investigated different Ce-Y co-doped nanocrystalline zirconia 

powders and pellets with compositions ranging from 0 to 6% YO1.5 and 0 to 7% CeO2 at three 

different sintering temperatures, i.e. 1150°C, 1350°C and 1500°C. After heat treatment, the phase 

composition of the samples was investigated to identify the optimum range of stabilizer 

composition at the specific sintering temperature. The results have been used to develop 

transformation phase diagrams applicable for different porosities and heat-treatment temperatures.  

Background on critical grain size for the tetragonal to monoclinic phase transformation: on 

thermodynamic analysis  

It is well known that the high high-temperature tetragonal phase can be retained at low 

temperatures provided that the crystallite size (or the grain size in the case of a bulk solid system) of 

the tetragonal phase is below a certain critical size. This critical size can be theoretically calculated 

using thermodynamic analysis [44–46]. 
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The total free energy of a spherical microcrystal, G, is given by: 

𝐺 =  
1

6
𝜋𝐷3𝜓 +  

1

6
𝜋𝐷3 𝜖 + 𝜋𝐷2𝜎 (1) 

where 𝜓 is the free energy per unit volume of a crystal with infinite size (dependent on the 

composition and temperature), 𝜖 and 𝜎 are the strain and surface free energies of the crystal, 

respectively, and D the crystal diameter. For the tetragonal (initial) to monoclinic (final) phase 

transformation, the differential free energy between the two states can then be obtained as: 

∆𝐺𝑡→𝑚 =  
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The phase transformation requires the condition of ∆𝐺𝑡→𝑚 ≤ 0. Accordingly, if the changes in 

volume and surface of the particle during the transformation are neglected in Equation (2), the 

critical diameter at which the transformation will occur can be described using Equation (3) as: 

0 =  
1

6
𝜋𝐷𝑐

3(∆𝜓) +
1

6
𝜋𝐷𝑐

3(∆𝜖) + 𝜋𝐷𝑐
2(∆𝜎) (3) 

For the case of unconstrained powders ∆𝜖 = 0, and Equation (3) can be solved for the critical 

diameter Dc: 

𝐷𝑐 =  −6 
∆𝜎

∆𝜓
 (4) 

Equation (4) can be used to develop the correlation between the crystallite size and the 

transformation temperature, by expanding the free energy per unit volume term in a Taylor’s series 

(neglecting the higher order terms): 
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𝜓 (𝑇) = 𝜓 (𝑇𝑏) + (
𝜕𝜓 

𝜕𝑇
)

𝑇=𝑇𝑏

(𝑇 − 𝑇𝑏) = 𝜓 (𝑇𝑏) − 𝑆(𝑇𝑏)(𝑇 − 𝑇𝑏) (5) 

where 𝑇𝑏 is the transformation temperature of an infinite (very large) crystal. Substituting 

Equation (5) into Equation (4), one gets 

𝐷𝑐 =  −6 
∆𝜎

∆𝑆 (𝑇 − 𝑇𝑏)
 (6) 

Assuming that ∆𝜓 = 0  at 𝑇 = 𝑇𝑏, the Equation (6) can then be written in a more useful term 

𝐷𝑐 =  −6 
∆𝜎

𝑞 (1 −
𝑇
𝑇𝑏

)
 

(7) 

where q is the heat of transformation (tetragonal to monoclinic) per unit volume of an infinite 

crystal which is dependent on the chemical composition of the material.  

For a constrained system, the critical grain size for the tetragonal to monoclinic phase 

transformation can in a similar way be obtained as 

𝐷𝑐
∗ =  −6 

∆𝜎∗

𝑞 (1 −
𝑇
𝑇𝑏

) + ∆𝜖
 

(8) 

where ∆𝜎∗ is the difference between interfacial energy of tetragonal and monoclinic phases 

(for constrained grains in a solid). 
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Experimental 

Materials 

Table 1 presents the composition of the samples studied in this work. The samples are denoted 

as mCe nY-SZ, where m and n represent the composition of CeO2 and YO1.5 in mol%, respectively 

and SZ stands for stabilized zirconia.  

Ce-Y co-doped nanocrystalline zirconia powders of five compositions were synthesized by 

continuous hydrothermal flow synthesis (CHFS) using an in-house developed two-stage CHFS 

reactor [47]. ZrO(NO3)2·xH2O, Y(NO3)3·6H2O and Ce(NO3)3·6H2O (Sigma Aldrich) and KOH 

(Alfa Aesar) were used as the raw materials, where x is the hydration number. Aqueous precursor 

solutions with a total cation concentration of 0.05 mol/L were prepared using the metal nitrate salts 

considering the stoichiometric molar ratios of yttrium, cerium and zirconium for each specific 

composition. Aqueous alkali solutions were also prepared by dissolving KOH pellets in DI water in 

a concentration of 1.0 mol/L and used as mineralizer in the syntheses. Supercritical water at 683 K 

and 27.0 (± 1.0) MPa was used during the syntheses.  

Ten different Y doped and Ce-Y co-doped zirconia compositions were purchased from external 

suppliers (Tosoh, Japan; Nanoe, France; Cerpotech, Norway).  

Some of the powders were pressed into pellets by a uniaxial press (200 MPa) and further 

densified using cold isostatic pressing (4 GPa). The two set of samples, namely powders and pellet 

samples of the pressed powders, were heat treated for 2 h in air at 3 different temperatures; 1150, 

1350, and 1500°C, with a heating and cooling rate of 90°C/h. 
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Table 1 

 The samples studied in this work; the sample composition is designated mCe nY-SZ 

Supplier Ce mol% (m) Y mol% (n) 

CHFS 

2.5 2.5 

5.5 2.5 

7 0 

6 1 

Cerpotech  

4 1 

4.5 1.5 

5 2 

0 4.6 

Tosoh 

0 4 

0 5 

0 6 

Nanoe 

1.5 4.5 

3 3.6 

5 3 

 

X-ray diffraction analysis 

X-ray diffraction (XRD) was performed using a Bruker D8 diffractometer (Bruker, Germany) 

with Cu Kα radiation. The diffraction patterns of all samples were recorded over three different 2θ 

ranges. A wide scan was first carried out over the 10-90° range with step size and scan speed of 

0.03° and 0.015°/s, respectively. Two high-resolution scans with step size and scan speed of 0.003° 

and 0.0015°/s were also performed over the ranges of 25.5-33.5° and 70.5-76.5° to identify 

precisely the amount of monoclinic and cubic phases in the samples. The average crystallite size of 

the tetragonal phase (d) in the synthesized samples was estimated from the (101)t diffraction peak 

using the Scherrer equation, 
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𝑑 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 (9) 

where K is the shape constant (≈ 0.9), λ is the radiation wavelength, θ is the diffraction peak 

angle and β is the corrected full width at half-maximum intensity (FWHM). A NIST standard 

silicon powder was used as the standard sample to remove the instrumental broadening and obtain 

the true crystal broadening for each measurement. XRD data were also analyzed through Rietveld 

refinement method [48] using the WINPOW program [49]. 

TEM studies 

The morphology of the CHFS powders was studied with a JEOL 3000F transmission electron 

microscope with a field emission gun operating at 300 kV. The particles were dispersed in ethanol 

by means of ultrasonic treatment and dropped onto a holey carbon film/Cu grid.  

Results and discussion 

Morphology of the synthesized powders 

Fig. 1a, b show high resolution TEM images of the as-synthesized 5.5Ce 2.5Y-SZ powder. 

The nanoparticles have a nearly spherical morphology and display a monodispersed particle size 

distribution with an average size of 8.6 nm (standard deviation 1.6 nm) determined by measuring 

the diameter of particles (60 in total). Moreover, the particles are well crystallized, without any 

amorphous layer. From the higher magnification image (Fig. 1b) the interplanar spacing and the 

angle between planes are measured to be 2.97 Å, 2.60 Å, 1.82 Å and 55°, which is consistent with 

the (101), (002), (112) planes and ∠[(101)/(002)] of a tetragonal crystal. For comparison, the 

calculated interplanar spacing of the crystal planes of the tetragonal 5.5Ce 2.5Y-SZ on basis of 
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lattice parameters derived from the Rietveld refinement of its XRD results are provided in the 

appended supplementary information.  

 

 

Fig. 1. High-resolution TEM micrographs of the as-synthesized 5.5Ce 2.5Y-SZ nanoparticles (a, b) and the 

particle size distribution determined from the diameter of 60 particles (c). The higher magnification 

micrograph (b) shows visible lattice fringes that are attributed to crystal planes based on the measured 

interplanar spacing. The inset provides a zoom-in view of the lattice fringe (highlighted by the dashed 

square) for a better readability.  

 

Fig. 2a is a micrograph of a particle from the 5.5Ce 2.5Y-SZ powder after calcination at 

1500°C. The particle size has remarkably increased due to sintering of the primary nanosized 
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particles. The sintering effect is more clearly observed in the high-resolution image (Fig. 2b), 

showing a distinguishable grain boundary in the particle. The particle is polycrystalline with 

randomly-oriented grains as seen in Fig. 2c.  

 

 

Fig. 2. (a) BF-TEM micrograph of a calcined 5.5Ce 2.5Y-SZ particle (b) BF-TEM micrograph of the 

highlighted area in (a), and (c) High-resolution image of an area in the calcined particle. The measured 

interplanar spacing (2.97 Å) matches well to the (101) plane of the tetragonal crystal. 
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The CHFS, as a type of high-throughput synthesis technique, is thus capable of synthesizing 

very fine, monodispersed well-crystallized zirconia particles in a continuous and efficient synthesis 

process. The high sinterability of the synthesized particles provides the opportunity to decrease the 

sintering temperature during the heat treatment, which in turn is significant for retaining the 

metastable tetragonal zirconia while using low stabilizer contents. 

Crystalline phase of the synthesized powders 

The XRD patterns of the as-synthesized powders (Fig. 3) show that the powders are all 

crystalline. The crystallite size of the powders, measured from the XRD results, is also presented in 

Fig. 3. The 8.1 nm crystallite size of the 5.5Ce 2.5Y-SZ powder is in a good agreement with the 

particle size measured from the TEM studies (8.6 nm).  

The high-resolution scans over the 70.5-76.5° range (inset, Fig. 3) show that all the powders 

are in the tetragonal phase. However, peaks for the (400) and (004) tetragonal planes are not well 

separated, and whether the (400) peak is also present is not well discernible. The question is thus if 

any cubic phase is present in the samples. It is in general difficult to distinguish between cubic and 

tetragonal phases from the XRD pattern of a nanocrystalline zirconia, as the inherent strong peak 

broadening may cause peak overlapping. It is reported in some studies that the cubic phase can also 

be stabilized at room temperature in pure zirconia powders having ultrafine crystallites, i.e. in the 

range of 2-20nm[50–53]. This might also be the case in low-content stabilizer doped powders due 

to the produced oxygen ion vacancies.  



63 

 

 

Fig. 3 XRD patterns of the as-synthesized CHFS nanopowders; the inset shows the high-resolution scans 

within the range of 70.5°-76.5°. 

 

In this context, the XRD pattern of the as-synthesized 5.5Ce 2.5Y-SZ powder, having high 

content of stabilizers (and hence probably more susceptible to contain cubic phase) was studied in 

more detail using Rietveld refinement[54]. First, the refinement was carried out for the tetragonal 

and cubic phases individually. Fig. 4 present the Rietveld refinement plots based on the tetragonal 

and cubic phases together with the corresponding goodness of fit (GoF) and reliability factors. A 

much better fitting, i.e. matching between the observed and calculated intensities, was achieved 

when the pattern was fitted with the tetragonal phase than with the cubic structure. This could also 
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be concluded by comparing the refinement parameters of the two sets of analysis, where smaller R-

factors and a GoF closer to unity are only obtainable for the tetragonal structure. 

  

 

Fig. 4 Rietveld refinement profiles of the XRD data for the as-synthesized 5.5Ce 2.5Y-SZ powder, refined 

based on (a) the tetragonal and (b) the cubic structures. The red and green lines represent the observed and 

calculated intensities, respectively. Bragg positions are indicated by the verticals. The difference curves are 

plotted by the blue lines. The refinement parameters are also presented for each set of refinement. 

 

In addition, the Rietveld refinement was performed to investigate the presence of mixed 

tetragonal-cubic polymorphs. Here, the amount of cubic phase was concluded to be very low, i.e. 

less than 0.1%, after finishing the refinement. The results of the Rietveld refinement studies indicate 

that the as-synthesized powders are in the tetragonal phase, which is consistent with the HRTEM 

results of the 5.5Ce 2.5Y-SZ powder. 
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Tetragonal phase stability maps 

Table 2 presents the crystalline phase composition of all the studied powders after calcination 

at 1150, 1350, and 1500°C. The amount of retained tetragonal phase for each compound is 

presented in Fig. 5a-c. Using these results, the tetragonal to monoclinic phase transformation 

boundaries for powders calcined at the three studied calcination temperatures can be developed, as 

shown by the dashed lines in Fig. 5. 

From the Equations (7) and (8) (in the thermodynamic analysis section) it can be concluded 

that for a certain composition the critical grain size in a bulk solid material (constrained state) is 

larger than the critical crystallite size in the powder form (unconstrained state), due to the 

contribution of the strain and interfacial energy to the total free energy in the constrained state. This 

is in good agreement with experiments presented in literature. For instance, the critical crystallite 

size for stabilizing the tetragonal phase at room temperature for 0.5YSZ (0.5mol% yttria doped 

zirconia), 1YSZ and 1.5YSZ powders has been reported to be 30, 51, and 71 nm, while in the 

constrained solid state, the corresponding critical grain size for each composition is found to be 70, 

100 and 155 nm [55]. The stabilizing effects of the strain energy can also be explained. The 

transforming grain in a solid is surrounded by a tetragonal matrix. When the grain is undergoing the 

tetragonal to monoclinic phase transformation, it will face the constraint from its neighboring 

grains. Moreover, additional constraints on the transforming grain will be imposed if the 

neighboring grains in the surrounding matrix are also being transformed. The thermodynamic 

analysis also indicates that the solid state will have a lower transformation temperature (i.e. more 

stable tetragonal) compared to the particulate form. 

The contribution of the strain energy to stabilize the tetragonal phase is dependent on its 

magnitude. The extent of the strain energy decreases by increasing the porosity of a solid, as the 



66 

 

pores provides free surfaces and lowers the elastic modulus [56]. As a consequence, more grains in 

a porous body will have the opportunity to transform to the monoclinic phase upon cooling. For 

instance, Lange [56] reported the amount of tetragonal phase retained at room temperature in 2.5 

mol% yttria doped zirconia sintered at 1500°C to be 97, 83, and 77% for relative densities of 92, 73, 

and 65%, respectively.  

Therefore, the developed diagrams based on the calcined powders in Fig. 5 are not descriptive 

for dense sintered bodies. To consider the effects of matrix constraint, the transformation boundary 

diagrams were completed using the crystalline phase analysis results of sintered pellets. The 

powders, in which the high temperature tetragonal phase could not be fully retained after cooling to 

room temperature, were investigated. The crystalline phase composition of the pellets sintered at 

1150, 1350, and 1500°C is also provided in Table 2 (in parentheses) and in Fig. 5a-c. The 

transformation boundary for the dense samples at the three studied temperatures, derived from the 

crystalline phase results of sintered pellets, can thus be drawn as the solid lines in Fig. 5. As 

expected the stability of the tetragonal phase in the pellets was higher than that in the powder due to 

the stabilizing effects of the matrix constraints in the solid form.  
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Fig. 5 Amount of retained tetragonal phase for each compound in the form of powder (right number) and 

pellet (left number) after the heat treatment at (a) 1150°C, (b) 1350°C and (C) 1500°C. The dashed and solid 

lines indicate the approximate transformation boundary diagrams for porous and dense systems, respectively. 
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Table 2 

Crystalline phase composition of the different zirconia compounds heat treated at 1150, 1350 and 1500°C. The numbers in parentheses denote the results for 

sintered pellets. 

 1150°C 1350°C 1500°C 

Supplier Composition Monoclinic Tetragonal Cubic Monoclinic Tetragonal Cubic Monoclinic Tetragonal Cubic 

CHFS 

Ce 0.03 Y 0.03 Zr 0.94 0.0 100 0.0 0.0 100 0.0 0.2 99.8 0.0 

Ce 0.025 Y 0.025 Zr 0.95 69.8 (69.7) 30.2 (30.3) 0.0 72.3 (51.1) 27.7 (48.9) 0.0 88.9 11.1 0.0 

Ce 0.055 Y 0.025 Zr 0.92 0.9 99.2 0.0 0.0 100.0 0.0 0.0 100.0 0.0 

Ce 0.07 Zr 0.93 95.3 (90.9) 4.7 (9.1) 0.0 98.7 1.3 0.0 99 1 0.0 

Ce 0.06 Y 0.01 Zr 0.93 94.1  5.9 0.0 97.3 (95.6) 2.7 (4.4) 0.0 99.1 0.9 0.0 

Cerpotech 

Ce
0.04

 Y
0.01

 Zr
0.95

 99.2 (98.4) 0.8 (1.6) 0.0 99.7 (99.7) 0.3 (0.3) 0.0 99.8 (99.8) 0.2 (0.2) 0.0 

Ce
0.045

 Y
0.015

 Zr
0.94

 84.7 (0.9) 15.3 (99.1) 0.0 99.5 (99.2) 0.5 (0.8) 0.0 99.6 (99.3) 0.4 (0.7) 0.0 

Ce 
0.05

 Y 
0.02

 Zr 
0.93

 0.3 (0.0) 99.7 (100) 0.0 13 (0.0) 83 (100) 0.0 95.9 (0.0) 4.1 (100) 0.0 

Y
0.046

 Zr 
0.95

 0.0 100.0 0.0 9.9 (0.0) 90.1 (100) 0.0 11.1 (0.0) 88.9 (100) * 

Tosoh 

Y
0.04

 Zr 
0.96

 67.5 (0.0) 32.5 (100) 0.0 74.4 (0.0) 25.6 (100) 0.0 67.9 (0.2) 32.1 (98.8) 0.0 

Y
0.05

 Zr 
0.95

 0.0 100.0 0.0 0.0 100.0 0.0 1.2 (0.0) 98.8 (100) * 

Y
0.06

 Zr 
0.94

 0.0 100.0 0.0 0.0 100.0 * 0.0 96.5 (96.9) 3.5 (3.1) 

NanoE 

Ce 0.015 Y 0.045 Zr 0.94 0.8 99.2 0.0 0.4 99.6 0.0 0.7 99.3 * 

Ce 0.03 Y 0.036 Zr 0.934 0.0 100.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 

Ce 0.05 Y 0.03 Zr 0.92 0.0 100.0 0.0 0.0 100.0 0.0 0.0 100.0 0.0 

* Negligible 

  



69 

 

As can be seen in Fig. 5 and Table 2, the retained tetragonal phase in the calcined powders 

typically decreases with increased calcination temperature. For instance, in the 5Ce 2Y-SZ 

compound the amount of tetragonal phase maintained at room temperature after calcination at 1150, 

1350, 1500°C is 99.7, 83 and 4.1%, respectively. This trend can be attributed to the higher 

temperatures promoting grain growth to larger than the critical grain size. However, in some of the 

powders the amount of retained tetragonal phase increased with increasing the calcination 

temperature. For example, in the case of 4Y-SZ powder the amount of retained tetragonal phase 

after calcination at 1150, 1350 and 1500°C was 32.5, 25.6 and 32.1%, respectively.  

In fact, by increasing the calcination temperature the degree of aggregation and crystallite size 

both increase. The former enhances the stability of the tetragonal phase, while the latter has a 

destabilizing effect. Hence, a possible explanation for the observed results in 4Y-SZ powder can be 

the stabilizing effect of the added constraint dominating the destabilizing effect of grain growth for 

the sample calcined at 1500°C. Confirming this hypothesis requires studying the evolution in 

crystallite size and degree of aggregation (or grain size and density level in the pellet form) during 

heat treatment, which is beyond the scope of this work. 

The results indicate that the stability of the tetragonal phase is a complex function of stabilizer 

content, particle packing and sintering temperature (and dwelling time). The critical grain size for 

the tetragonal to monoclinic transformation depends not only on the composition (type and content 

of stabilizing agents) but also on the order of the constraint on transforming particles. Furthermore, 

the density parameter might also destabilize the tetragonal phase due to the facilitated grain growth 

effect.   

The Equation (3) predicts the critical crystallite size for a single, isolated crystallite. However, 

in practice the critical crystallite size in the powder form may be different arising from the fact that 
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the presence of hard agglomerates and/or aggregates will somewhat introduce a certain strain (also 

interfacial) energy. For pure zirconia nanopowders forming aggregates, Shukla and co-workers [8] 

found the critical diameter to be 41 nm, higher than the 10 nm calculated value for a single isolated 

particle, which is in good accordance with the reported experimental values [8,9]. Nanocrystalline 

powders are typically highly aggregated after heat treatment at high temperatures (e.g. as seen in 

Fig. 2). The crystalline phase results of the studied powders in this work can thus be approximately 

considered as the representative of solid ceramics with rather high porosities.  

Therefore, for each individual sintering temperature, the area between the corresponding 

dashed and solid lines in Fig. 5 demarcate the region, where the appropriate amount of stabilizers 

can be chosen. For a dense system, the solid lines specify the lowest limit of stabilizers, where a 

further decrease in stabilizer(s) can cause losing the tetragonal grains upon cooling. For a porous 

system on the other hand, a higher amount of stabilizer should be utilized, as the tetragonal grains in 

a porous matrix can easier undergo the transformation. The appropriate amount of the Ce-Y 

stabilizers can approximately be shown by the dashed lines (concluded from the results of samples 

in the powder state). Here, a further increase will probably over-stabilize the tetragonal grains. The 

developed transformation phase diagrams thus take all the three effective parameters (density, 

stabilizer content and sintering temperature) into account.  

From the developed transformation boundary diagrams, the slope of the dashed lines at the 

three studied temperatures is approximately equal to 2, showing that for a porous system the YO1.5 

stabilizer can be replaced with CeO2 by a factor of 2. For a dense system, the solid lines have 

slightly different slopes, i.e. 2.1, 2.4, and 2.35 for heat treating at 1150, 1350, and 1500°C, 

respectively. Accordingly, the stabilizing effect of YO1.5 can, as a rule of thumb, be considered 

twice that of CeO2. 
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From the horizontal axes of the diagrams, for a porous system the critical YO1.5 content to 

achieve the tetragonal phase in a YO1.5-doped zirconia is concluded to be approximately 4.5, 4.9 

and 5 mol% for heat treating temperatures of 1150, 1350 and 1500°C, respectively. The 

corresponding values for a dense form are approximately 3.9, 3.9, and 4.05. By defining the 

stabilizing ratio of YO1.5 to CeO2 stabilizers as S (equals to the slope of the dashed and solid lines), 

an effective amount of critical stabilizer in terms of YO1.5 can be expressed as: 

(𝑌𝑂1.5)𝑐𝑟
𝑒𝑓𝑓

= 𝑌𝑂1.5 (𝑚𝑜𝑙%) + 𝐶𝑒𝑂2 (𝑚𝑜𝑙%) 𝑆⁄  (10) 

where S varies depending on the sintering temperature and density. 
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Conclusions 

Understanding the stability range of the tetragonal zirconia is imperative for effective use of 

the transformation toughening mechanism. The stability of the tetragonal phase in Ce-Y co-doped 

nanocrystalline zirconia heat treated at different temperatures was studied in this work. To study the 

effect of particle packing (density) on the phase stability, the samples were investigated in the form 

of powders and pellets. The samples with different compositions, ranging from 0 to 6% Yttrium and 

0 to 7% Cerium, were calcined at 1150, 1350 and 1500°C and their crystalline phase composition 

after cooling down to room temperature were utilized to develop transformation boundary 

diagrams. 

Continuous hydrothermal flow synthesis was found to be a promising method to synthesize 

fine, monodispersed Ce-Y co-doped particles. The as-synthesized samples having average 

crystallite sizes of 7 to 8.2 nm were all fully tetragonal.  

The results for the calcined powders and sintered pellets were used to specify the phase 

transformation boundaries for porous and dense systems. The developed diagrams present the 

compositional region of suitable stabilizer amount resulting in a balanced stability and 

transformability of the tetragonal zirconia. From the stability results it was found that: 

 YO1.5 and CeO2 supplement each other in stabilizing the tetragonal phase, and for a porous 

system YO1.5 can be approximately replaced with CeO2 by a factor of S = 2 at all the heat 

treatment temperatures. For a dense form the S values are 2.1, 2.4, and 2.35 for heat 

treatment temperatures of 1150, 1350, and 1500C, respectively. 

 As a rule of thumb, the stabilizing effect of YO1.5 can be considered twice that of CeO2. It 

can be slightly different for different heat treatment temperatures and particle packing.  
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 For calcined powders, (YO1.5)
eff is 4.5, 4.9 and 5 mol% when sintering at 1150, 1350 and 

1500C, respectively. In a dense system the corresponding values are 3.9, 3.9, and 4.05 

mol%. 

 The critical amount of stabilizer needed to stabilize a dense system is noteworthy smaller 

than in a porous system. This should be borne in mind when designing the processing 

conditions for porous bodies. 
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Supplementary Information 

The refined lattice parameters of the 5.5Ce 2.5Y-SZ powder as well as the calculated 

interplanar spacing of the crystal planes for the as-synthesized and calcined (at 1500°C) samples. 

Table S1. Refined lattice parameters of the as-synthesized and calcined 5.5Ce 2.5Y-SZ powder (Numbers in 

parenthesis indicate the estimated standard deviations) 

 As-synthesized Calcined at 1500°C 

a (Å) 3.613 (2) 3.6147 (9) 

c (Å) 5.1918 (5) 5.1999 (2) 

 

Table S2. Interplanar spacing of different planes in as-synthesized and calcined 5.5Ce 2.5Y-SZ powder 

(calculated using the refined lattice parameters) 

Planes (hkl) d (Å) 

h k l As-synthesized Calcined at 1500°C 

1 0 1 2.966 2.968 

0 0 2 2.596 2.600 

1 1 0 2.555 2.556 

1 0 2 2.108 2.111 

1 1 2 1.821 1.823 

2 0 0 1.806 1.807 

2 0 1 1.706 1.707 

1 0 3 1.561 1.563 

2 1 1 1.543 1.544 

2 0 2 1.483 1.484 

2 1 2 1.372 1.373 

0 0 4 1.298 1.300 

2 2 0 1.277 1.278 

1 0 4 1.222 1.223 

2 1 3 1.181 1.182 

3 0 1 1.173 1.174 

1 1 4 1.157 1.159 

2 2 2 1.146 1.147 

3 1 0 1.143 1.143 
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Abstract 

Further development and upscaling of the solid oxide fuel and electrolysis cell (SOC) 

technologies requires improvement of their mechanical robustness. In this work, six stabilized 

zirconia compounds: two most common support materials (16YO1.5-SZ and 6YO1.5-SZ) as 

reference materials and four materials having lower stabilizer content (5YO1.5-SZ, 1.5CeO2 

4.5YO1.5-SZ, 3CeO2 3.6YO1.5-SZ and 5CeO2 3YO1.5-SZ) used to prepare NiO‒Stabilized zirconia 

fuel electrode supports. Their microstructure, crystalline phase, fracture toughness and low and high 

temperature aging were investigated.  

In the oxidized state, tetragonal zirconia based supports had higher fracture toughness than 

cubic zirconia based substrate, due to the transformation toughening effect and their fine grained 

microstructure. Though the fracture toughness of tetragonal zirconia based supports decreased at 

800°C, they remained higher than their cubic zirconia based counterpart. The NiO‒1.5CeO2 

4.5YO1.5-SZ support exhibited the highest fracture toughness, with as high as 30 and 10% 

improvement compared to the state-of-the-art NiO‒6YO1.5-SZ support at room temperature and 

800°C, respectively. In the reduced state on the other hand, the tetragonal and cubic zirconia based 

substrates had comparable fracture toughness. Lowering the yttria content from 6 mol% to 5 mol% 

YO1.5 improved the fracture toughness of the substrate but decreased drastically the aging resistance 

of the tetragonal zirconia phase. The co-doped materials had superior aging resistivity due to the 

stabilizing effect of Ce3+. Comparing fracture toughness of 1.5CeO2 4.5YO1.5-SZ and 6YO1.5-SZ 

based supports after aging at 800°C confirmed the improved mechanical degradation resistance of 

the new Ce-Y co-doped zirconia based fuel electrode support.   
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Introduction 

Solid oxide fuel and electrolysis cells (generally termed as solid oxide cells (SOCs)) are high 

temperature electrochemical devices that can be efficiently used for energy conversion applications 

[1,2]. Fuel electrode-supported planar SOC, where the substrate is located at the fuel side of the 

cells, is amongst the most common SOC configurations. This design typically includes thin (<30 

µm) electrochemical active layers (cathode, anode and electrolyte) supported by a relatively thick 

(~300 µm) substrate providing the mechanical stability [3–5]. 

Being made of intrinsically brittle ceramic components, the mechanical reliability of SOCs is a 

significant issue. The SOCs are subjected to various stresses during the cell fabrication, stacking 

and under the operation. A mismatch among the thermal expansion coefficients of different 

materials in a SOC causes residual stresses. Mechanical stresses can also be induced during the cell 

handling and assembly into stacks. Furthermore, the stress field in a SOC stack is affected by the 

oxidation and reduction reactions, external mechanical loads and non-homogeneous distribution of 

temperature during the operation [6–9]. These stresses can create new micro cracks and defects [10] 

and also result in the propagation of pre-existing cracks, which can cause the mechanical failure of 

the system.  

Furthermore, crack growth in ceramics can happen at stress intensity factors below the fracture 

toughness of the material, through so-called slow (sub-critical) crack growth phenomenon. This 

results in the time dependent fracture behavior of ceramics [11,12]. As the structural reliability of 

SOCs is determined by the robustness of their support layer, improving the support’s resistance to 

crack propagation and slow crack growth is essential to facilitate further developments of SOC 

technologies and up-scaling [13].  
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Fuel electrode support in SOCs is typically a porous composite made of stabilized zirconia 

(YSZ) and NiO. By exposure to a reducing environment in the SOC stack, the NiO phase in this 

NiO–YSZ composite reduces to the metallic state, and the Ni–YSZ cermet (ceramic-metal) is 

formed. Presence of the Ni network results in the electrical conductivity of the support, while the 

stabilized zirconia is needed to provide better thermal expansion compatibility to the adjacent 

ceramic components of the cell [14–16]. The mechanical properties for both the NiO–YSZ and Ni–

YSZ are relevant to the technological use of the material, as the cells may fail both during stack 

assembly (oxidized state) and during operation (reduced state). 

For the stabilized zirconia phase two stabilized zirconia compounds, namely 8 mol% yttria 

doped zirconia (8YSZ) and 3 mol% yttria doped zirconia (3YSZ), have mainly been used 

[3,9,15,17,18]. Fracture toughness and strength of 3YSZ, having a tetragonal crystalline phase, are 

typically several times higher than those of the cubic 8YSZ. This significant difference is 

predominantly a result of the tetragonal to monoclinic transformation toughening mechanism, a 

characteristic of the ceramics containing the transformable tetragonal zirconia polycrystals [19]. 

Consequently, the 3YSZ based SOC supports are found to be stronger and tougher compared to the 

8YSZ ones. For instance, Pećanac and co-workers [18] found the room temperature fracture 

toughness of NiO–3YSZ and NiO–8YSZ supports to be 3.05 and 1.76 MPa.m1/2, respectively. 

Radovic and Lara-Curzio [15] reported the room temperature fracture toughness of NiO–8YSZ to 

be 2.1 MPa.m1/2. The NiO–3YSZ has the highest fracture toughness values reported for SOC 

supports, and thus it is considered as the state-of-the-art in terms of mechanical robustness.  

A comparison between the fracture toughness and strength of the 3YSZ and 8YSZ based 

supports suggests that a further improvement in the mechanical properties of SOC supports is 

achievable if a stabilized zirconia compound capable of providing a higher transformation 
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toughening effect is used. It is therefore necessary to consider the transformation toughening 

mechanism in more details.  

The tetragonal to monoclinic phase transformation in zirconia is associated with a volume 

expansion and shear strain of approximately 4 and 16%, respectively [19]. This phase 

transformation can be induced by external stresses. The transformation toughening in a tetragonal 

zirconia-containing ceramic thus occurs, when the stress field around a propagating crack triggers 

the tetragonal to monoclinic phase transformation. The resulting volume expansion exerts a 

compressive stress in the process zone around the crack tip, which tends to close the crack. In other 

words, it decreases the stress intensity factor at the crack tip. The stress induced tetragonal to 

monoclinic transformation may also result in other phenomena, such as microcracking and crack 

deflection around the crack tip, consequently providing an additional toughening [19–21].  

To benefit from the transformation toughening mechanism, it is necessary to retain the 

tetragonal phase upon cooling from the typical high sintering temperatures (>1000°C). Stabilization 

of the tetragonal phase is typically achieved by doping zirconia with other aliovalent cations, such 

as yttrium or cerium [22]. An effective transformation toughening is achieved if suitable amount of 

stabilizer(s) is chosen, such that the tetragonal phase stays stable up to the service temperature while 

having enough transformability to the monoclinic phase. In other words, over-stabilization of the 

tetragonal phase should be avoided [20,23].   

Yttrium and cerium are two common dopants used to stabilize the tetragonal zirconia to room 

temperature. The ceria doped tetragonal zirconia ceramics exhibit higher fracture toughness and are 

more resistant to the low temperature degradation (LTD), while the yttria doped tetragonal zirconia 

possesses higher strength [23]. Co-doping the zirconia with ceria and yttria is reported as a 
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promising approach to achieve a combination of good fracture toughness, strength and aging 

resistance [24–27].  

In a previous study [28] we developed transformation boundary diagrams for Ce-Y co-doped 

zirconia, applicable for different temperatures and powder packing. With this it is possible to 

choose the optimum amount of stabilizing agents such that the tetragonal phase has enough 

stability; yet not over-stabilized. Moreover, the sintering temperature and density of the tetragonal 

zirconia ceramic are important parameters affecting the stability of the tetragonal phase, and should 

be considered while choosing the stabilizer concentration [28–30]. 

In this work we use four zirconia compounds, identified by said previous study, with different 

stabilizer compositions (Table 1) to be used as the stabilized zirconia phase in the SOCs fuel 

electrode supports. The fracture toughness values of these supports were measured and compared to 

the state-of-the-art material, 3YSZ (shown in this paper by 6YO1.5-SZ) and the widely used 8YSZ 

(shown by 16YO1.5-SZ) based supports. Measurements were done at room temperature and 800°C 

for both oxidized (pristine) and reduced samples. Moreover, the effect of long term aging at 800°C 

on the crystalline phase and fracture toughness of tetragonal zirconia based samples was 

investigated.  

Experimental 

Sample preparation 

The six types of SOCs fuel electrode supports studied in this work were prepared from a 

mixture of NiO (Alfa Aesar) and six different stabilized zirconia compounds. The compositions of 

the stabilized zirconia materials are presented in Table 1. Composition of the zirconia compounds in 

relation to the phase transformation boundaries (developed in Chapter 3) is presented in Fig. S1 
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(supplementary materials). The yttria doped and ceria-yttria co-doped compounds were purchased 

from Tosoh (TOSOH, Japan) and Nanoe (Nanoe, France), respectively.  

All the supports were prepared with a NiO and stabilized zirconia composition of 55 wt% and 

45 wt%, respectively by the tape casting method [31,32]. The average thickness of the samples after 

sintering was between 200-300 µm. 

The sintered plates were laser cut into the specimens with dimensions of 34×20 and 40×20 

mm2. On each specimen a notch with the width and length of 0.5 and 10 mm, respectively was laser 

cut. The last 2 mm of the notch was cut with a V-shape, to sharpen the notch and facilitate straight 

crack propagation. 

Table 1  

Samples studied in this work and composition of the stabilized zirconia (SZ) phase (for instance, NiO‒

1.5CeO2 4.5YO1.5-SZ shows that the sample is a composite of NiO and SZ phases, in which the SZ phase 

contains 1.5 mol% CeO2 and 4.5 mol% YO1.5). 

Sample notation 

Stabilizer content of the SZ 

phase Supplier of the SZ 

material 
Ce (mol%) Y (mol%) 

NiO‒16YO1.5-SZ  - 16 Tosoh 

NiO‒6YO1.5-SZ - 6 Tosoh 

NiO‒5YO1.5-SZ - 5 Tosoh 

NiO‒1.5CeO2 4.5YO1.5-SZ 1.5 4.5 Nanoe 

NiO‒3CeO2 3.6YO1.5-SZ 3 3.6 Nanoe 

NiO‒5CeO2 3YO1.5-SZ 5 3 Nanoe 

1.5CeO2 4.5YO1.5-SZ 1.5 4.5 Nanoe 

5YO1.5-SZ - 5 Tosoh 
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Parts of the specimens were reduced in a tube furnace (4% H2-96% N2) to achieve Ni-SZ 

samples for the toughness measurement. The reduction was performed at 900°C for 5 h. Moreover, 

some of the samples were reduced at 800°C for 2 and 9 h, and used for the low temperature 

degradation studies. All pristine samples to be reduced were exposed to the reducing atmosphere 

once the furnace temperature reached the desired reduction temperature [17].  

For the high-temperature aging studies, the samples were aged at 800°C in a humid reducing 

atmosphere (with approximately 3% humidity) for 850 h. The low-temperature aging of samples 

was done in steam at 104°C for 2.5 h.  

Characterization 

Fracture toughness of the oxidized and reduced samples at room and high temperatures was 

determined using the double torsion method. The loading configuration of the double torsion test is 

presented in Fig. S2 (supplementary materials). The stress intensity factor, KI, for a double torsion 

test is given by [33]: 

𝐾𝐼 =
𝑃𝑊𝑚

𝑡2
(
3(1 + 𝜈)

𝑊𝜓(𝑡,𝑊)
)

1
2⁄

 (1) 

 

where P is the applied load, Wm is the moment arm, W and t are the width and thickness of the 

specimen, respectively and ν is the Poisson ratio. 𝜓(𝑡,𝑊) is a correction factor for specimen 

thickness [34]: 

𝜓(𝑡,𝑊) = 1 − 1.2604(𝑡 𝑊⁄ ) + 2.4(𝑡 𝑊⁄ )exp(−𝑊𝜋
2𝑡⁄ ) (2) 
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Preliminary tests on specimens with and without pre-cracking and 34 and 40 mm long, resulted 

in similar plateau loads. The possibility to conduct the double torsion tests on specimen without 

pre-cracking for thin specimens has also reported by Pećanac and co-workers [18]. However, a 

precise sample alignment is required. In samples without pre-cracking the optical microscopy 

observation showed that the crack has propagated approximately 2-3 mm once the plateau is 

achieved.  

For the high temperature tests of the reduced samples, heating in the mechanical test rig was 

done in the reducing atmosphere, to avoid the re-oxidation of the reduced samples.   

The morphology of polished and thermally etched samples was studied by field emission 

scanning electron microscopy (FE-SEM, Merlin, Carl Zeiss, Germany). The thermal etching was 

carried out at 50°C below the sintering temperature for 0.5 h, where a heating and cooling rate of 

480 °C/h was used. The average grain size of the stabilized zirconia phase in the composites was 

determined by measuring the size of ca. 150 grains (for each type of support). Porosity of the 

samples was determined from their mass and geometrical dimensions. Phase identification of the 

samples in the pristine and reduced states was carried out using X-ray diffraction (XRD, Bruker D8, 

Bruker, Germany) using Cu Kα radiation. Volume fraction of the monoclinic phase (Vm) was 

calculated using the method proposed by Toraya and co-workers[35]. 

𝑋𝑚 =
𝐼𝑚(111) + 𝐼𝑚(1̅11)

𝐼𝑚(111) + 𝐼𝑚(1̅11) + 𝐼𝑡(101)
 (3) 

𝑉𝑚 =
1.311𝑋𝑚

1 + 0.311𝑋𝑚
 (4) 
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where Xm is the integrated intensity ratio, derived from the integrated peak intensities of the 

(101)t, (111)m and (1̅11)m planes. The subscripts m and t represent the monoclinic and tetragonal 

phases, respectively.  

Raman spectroscopy was used for identification of the monoclinic phase in fractured surfaces. 

Raman spectra were obtained by a Renishaw InVia spectrometer, using a 532 nm wavelength Ar-

ion laser and 20s exposure time. The method suggested by Kim and co-workers [36] was used to 

estimate the monoclinic content of the fractured surfaces (fm): 

𝑋𝑚 =
𝐼𝑚(180𝑐𝑚

−1) + 𝐼𝑚(192𝑐𝑚
−1)

𝐼𝑚(180𝑐𝑚−1) + 𝐼𝑚(192𝑐𝑚−1) + 𝐼𝑡(148𝑐𝑚−1)
 (5) 

𝑓𝑚 = √0.19 −
0.13

𝑋𝑚 − 1.01
 − 0.56 (6) 

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

specified Raman shifts) calculated after a baseline correction [36]. 

Results  

Crystalline phases and microstructure 

Fig. 1a-h show typical SEM micrographs of polished and thermally etched NiO‒SZ samples. 

As presented in Table 2, the average grain size of the zirconia phase in NiO‒16YO1.5-SZ is 

significantly higher than in the other supports. This is consistent with previous studies, where 16 

mol% YO1.5 doped zirconia ceramics had larger grains than zirconia stabilized with lower amount 

of yttria, namely less than 8 mol% YO1.5, while sintered under the same conditions, see e.g. refs. 

[37–40].  
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Fig. 1. SEM micrographs of the polished and thermally etched NiO‒SZ and plain SZ samples: (a) NiO‒

16YO1.5-SZ, (b) NiO‒6YO1.5-SZ, (c) NiO‒5YO1.5-SZ, (d) NiO‒1.5CeO2 4.5YO1.5-SZ, (e) NiO‒3CeO2 

3.6YO1.5-SZ, (f) NiO‒5CeO2 3YO1.5-SZ, (g) 1.5CeO2 4.5YO1.5-SZ and (h) 5YO1.5-SZ. 
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The average grain size of other samples ranges between 250-330 nm and a relatively close 

grain size distribution is observed (see Table 2). Furthermore, as seen the NiO‒5CeO2 3YO1.5-SZ 

has slightly larger grain size. This can be attributed to the higher amount of Ce dopant, as the ceria 

doped zirconia ceramics have typically larger grain sizes than the yttria stabilized zirconia [41,42]. 

The same difference is also observed in the 5YO1.5-SZ and 1.5CeO2 4.5YO1.5-SZ plain samples.  

 

Table 2  

Average grain size and crystalline phase composition of the as-sintered NiO-stabilized zirconia and plain 

stabilized zirconia samples. 

Sample notation Grain size‡ (nm) 

Crystalline phase composition (Vol%) 

Tetragonal Monoclinic Cubic 

NiO‒16YO1.5-SZ 1129 (429) 0 0 100 

NiO‒6YO1.5-SZ 226 (94) 100 0 0 

NiO‒5YO1.5-SZ 288 (117) 98.1 1.9 0 

NiO‒1.5CeO2 4.5YO1.5-SZ 283 (138) 95.6 4.4 0 

NiO‒3CeO2 3.6YO1.5-SZ 313 (131) 99.1 0.9 0 

NiO‒5CeO2 3YO1.5-SZ 327 (128) 99.5 0.5 0 

1.5CeO2 4.5YO1.5-SZ 275 (135) 100 0 0 

5YO1.5-SZ 188 (77) 100 0 0 

 

‡Numbers in parentheses show the standard deviation 

 

 

Phase compositions of the plain and composite samples (Table 2) show that the NiO‒16YO1.5-

SZ and NiO‒6YO1.5-SZ contains pure cubic and tetragonal zirconia, respectively. The other 
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composite samples are predominantly tetragonal with low amount of monoclinic phase (less than 

5%). On the other hand, the 5YO1.5-SZ and 1.5CeO2 4.5YO1.5-SZ plain samples are fully tetragonal. 

Fracture toughness 

Oxidized supports 

Room temperature fracture toughness of the supports in the oxidized state is shown in Fig 2. 

The toughness of all the tetragonal zirconia based supports is significantly higher than that of NiO‒

16YO1.5-SZ (NiO‒8YSZ), i.e. the composite containing cubic zirconia. The toughness of the NiO‒

3CeO2 3.6YO1.5-SZ and NiO‒5CeO2 3YO1.5-SZ supports are comparable to that of NiO‒6YO1.5-SZ 

(NiO‒8YSZ) support. 

 

 

Fig. 2. Fracture toughness of NiO‒SZ supports with different stabilized zirconia compounds and porosities 

measured at room temperature. 

 

1

1.5

2

2.5

3

3.5

4

0.05 0.1 0.15 0.2 0.25 0.3

F
ra

ct
u

re
 t

o
u

g
h

n
es

s 
(M

P
a.

m
1

/2
)

Porosity

NiO‒1.5CeO2 4.5YO1.5-SZ

NiO‒3CeO2 3.6YO1.5-SZ

NiO‒5CeO2 3YO1.5-SZ

NiO‒5YO1.5-SZ

NiO‒6YO1.5-SZ

NiO‒16YO1.5-SZ 



93 

 

More interestingly, it is that the NiO‒5YO1.5-SZ and NiO‒1.5CeO2 4.5YO1.5-SZ have a higher 

toughness than the NiO‒6YO1.5-SZ, which is the state-of-the-art material for SOC supports.  

The NiO‒1.5CeO2 4.5YO1.5-SZ support possesses the highest fracture toughness. Compared to 

the NiO‒6YO1.5-SZ support, it shows an improvement of approximately 20 and 30% at the 

porosities of 15-20 % and 10 %, respectively.  

Fig. 3 shows the fracture toughness of the oxidized samples measured at 800°C in comparison 

to room temperature values. The fracture toughness of the tetragonal zirconia based supports 

decreases at 800°C, while it remains unchanged in the cubic zirconia based substrate (NiO‒

16YO1.5-SZ). Moreover, it is observed that there is a tendency that the difference between the room 

and high temperature values decreases with increasing porosity.  

With the available porosity-toughness data it is concluded that the NiO‒1.5CeO2 4.5YO1.5-SZ 

support has the highest toughness at 800°C, while the other tetragonal zirconia samples have 

comparable toughness. Compared to the NiO‒6YO1.5-SZ, the NiO‒1.5CeO2 4.5YO1.5-SZ support 

shows an approximately 10% improvement in fracture toughness at 800°C (The room and high 

temperature fracture toughness of NiO‒1.5CeO2 4.5YO1.5-SZ and NiO‒6YO1.5-SZ are summarized 

in Fig. S3 in supplementary materials). Furthermore, fracture toughness of the tetragonal zirconia 

supports is still significantly higher than that of their cubic zirconia counterpart.  
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Fig. 3. Fracture toughness of NiO‒SZ supports measured at room temperature (blue symbols) and 800°C (red 

symbols). 
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Fracture toughness of the NiO‒1.5CeO2 4.5YO1.5-SZ and NiO‒16YO1.5-SZ supports measured 

at room temperature, 250 and 800°C is shown in Fig. 4. The tetragonal and cubic zirconia samples 

had an average porosity of 20.4 and 12.6%, respectively. The fracture toughness of the NiO‒

1.5CeO2 4.5YO1.5-SZ support at 250°C is slightly lower compared to that at room temperature, 

whereas the decrease in fracture toughness is accelerated by further increasing the temperature 

towards 800°C. On the other hand, the NiO‒16YO1.5-SZ support shows rather constant fracture 

toughness at the three measured temperatures.  

 

 

Fig. 4. Fracture toughness of NiO‒1.5CeO2 4.5YO1.5-SZ (with the average porosity of 20.4%) and NiO‒

16YO1.5-SZ (with the average porosity of 12.6%) at room temperature, 250 and 800°C. 

 

Reduced supports 

Fracture toughness of the reduced 1.5CeO2 4.5YO1.5-SZ-, 6YO1.5-SZ- and 16YO1.5-SZ-based 

supports at room temperature and 800°C is presented in Fig. 5. The difference between the fracture 

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

0 200 400 600 800 1000

F
ra

ct
u

re
 T

o
u

g
h

n
es

s 
(M

P
a.

m
1
/2

)

Temperature ( C)

NiO‒1.5CeO2 4.5YO1.5-SZ

NiO‒16YO1.5-SZ 



96 

 

toughness values of the reduced tetragonal- and cubic zirconia-based supports is not as pronounced 

as in the oxidized samples. The samples have comparable fracture toughness and the 1.5CeO2 

4.5YO1.5-SZ based support possesses slightly higher fracture toughness considering the porosity of 

the samples.  

At 800°C, the fracture toughness of the supports drops significantly, yet tetragonal- and cubic 

zirconia-based supports have rather similar fracture toughness. Moreover, considering the studied 

range of porosities, it is seen that in a reduced state the toughness decreases drastically by 

increasing porosity.  

 

 

Fig. 5. Fracture toughness of reduced samples measured at room temperature (full symbols) and 800°C 

(empty symbols). 
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Fractured surfaces 

Raman spectra of the fractured surface of the NiO‒6YO1.5-SZ support fractured at room 

temperature are shown in Fig. 6a. Fig. 6b shows Raman spectra of the surface of the sample at a 

place far from the propagated crack. The spectra were recorded along a 20 µm line with 2 µm 

spans. The characteristic peaks of the monoclinic phase, i.e. at the Raman shifts of 180 and 192 cm-

1 are seen in the spectra of the fractured surface, while no monoclinic phase is detected on the 

surface of sample.  

Moreover, at the fracture surface the intensity of the monoclinic peaks changes at different 

points. This can be explained by the presence of pores and NiO grains in the studied intervals (2 

µm), as observed by the SEM images of the samples (Fig. 1).  

The average amount of monoclinic phase in the 10 studied points was calculated as ca. 4%. On 

the other hand, Raman spectra of the fractured surface of the NiO‒6YO1.5-SZ support fractured at 

800°C shows no monoclinic phase. Thus, the tetragonal to monoclinic phase transformation is 

occurring while fracturing at room temperature but not (or hardly at all) at 800°C.  

The Raman spectra of the fractured surface of the NiO‒5YO1.5-SZ support fractured at room 

temperature and 800°C are presented in Fig. 7. The average amount of monoclinic phase for 

samples fractured at room temperature and 800°C was calculated as approximately 9 and 5%, 

respectively. The as sintered NiO‒5YO1.5-SZ samples contained a small amount (≈2%) of 

monoclinic phase (Table 2). Deducting this small monoclinic phase, formed upon cooling during 

the sintering step, the Raman results indicate that compared to the NiO‒6YO1.5-SZ the tetragonal to 

monoclinic phase transformation occurs to a higher degree in the NiO‒5YO1.5-SZ. Yet, the extent of 

transformation while fracturing at 800°C is small, although probably higher than the NiO‒6YO1.5-

SZ.  
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Fig. 6. Raman spectra of (a) surface and (b) fractured surface of NiO‒6YO1.5-SZ support fractured at room 

temperature. Different curves show the spectra obtained at different points along a 20 µm line (with 2 µm 

span). The arrow shows the characteristic peaks of the monoclinic phase. 

(a)

(b)
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Fig. 7. Raman spectra of the fractured surface of NiO‒5YO1.5-SZ supports fractured at (a) room temperature 

and (b) 800°C. The characteristic peaks of the monoclinic phase (showed by the arrows) are observed in both 

figures. 

 

(a)

(b)
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The Raman results confirm the transformation toughening as a toughening mechanism in the 

tetragonal zirconia based SOC supports. In this context, the higher toughness of NiO‒5YO1.5-SZ 

and NiO-1.5CeO2 4.5YO1.5-SZ supports are thus a consequence of the higher transformability of the 

stabilized zirconia phase, resulting in a higher toughening.  

At 800°C the extent of transformation decreases drastically, impairing the fracture toughness at 

high temperatures (Fig. 3). Nevertheless, the fracture toughness of tetragonal zirconia-based 

samples at 800 C is still considerably higher than that of the NiO‒16YO1.5-SZ. This indicates that 

the transformation toughening is probably not the only toughening mechanism in the tetragonal 

zirconia-based samples.  

Degradation studies 

Fig. 8 shows the retained tetragonal phase in the tetragonal zirconia-based supports, as sintered 

(Table 1) and after aging in a humid reducing atmosphere at 800°C for 850h (typical operation 

conditions of SOCs). The monoclinic phase content in Ce-Y co-doped samples does not change 

considerably after the high-temperature aging. In 5YO1.5-SZ based support 8% monoclinic phase is 

formed after 200 h aging, while it increases to 35% after 850 h. Furthermore, in the 6YO1.5-SZ 

based sample a minor phase transformation (≈2%) was observed1.  

The lower stability of the tetragonal phase in 5YO1.5-SZ support can be attributed to its low 

amount of stabilizer; the 6YO1.5-SZ sample, with a higher amount of stabilizer, has higher aging 

resistivity.  

 

                                                      
1) It is worth mentioning that in the 6YO1.5-SZ based supports studied in this work formation of minor monoclinic 

phase in as-reduced samples had also been observed in some batches. This can be due to the possible differences in the 

grain sizes of samples, resulting from the differences in ceramic processing. 
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Fig. 8. Amount of the tetragonal phase retained in as-sintered samples and after aging in humid reducing 

atmosphere at 800°C for 250 and 850 h. 
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tetragonal phase. This improves aging resistance such that it is better than 6YO1.5-SZ based support 

which has a high amount of stabilizing agent (6 mol% yttrium).  

 

 

Fig. 9. Amount of the tetragonal phase retained in 1.5CeO2 4.5YO1.5-SZ and 6YO1.5-SZ based supports as-

reduced and after aging in steam at 104°C for 2.5 h (the reduction conditions are provided in the 

parentheses). 
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Fig. 10. Room temperature fracture toughness of 1.5CeO2 4.5YO1.5-SZ and 6YO1.5-SZ based supports, as-

reduced and after aging in humid reducing atmosphere at 800°C for 850 h. 

 

Discussion 

Effect of NiO 

As observed, minor amount of the monoclinic phase (≤ 5%) was found in some of the NiO‒SZ 
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NiO has a low solubility in yttria doped stabilized zirconia, typically below 5 mol% after firing 

at elevated temperatures (above 1500°C)[43–45]. It is known that the presence of NiO can increase 

the stability of the cubic phase [43,46]. The effect of NiO grains on the phase stability of the 

tetragonal phase in a tetragonal zirconia ceramic is not well studied, though it is reported that doped 

NiO cannot be solely a stabilizing agent for the tetragonal phase [47].  

Delaforce and co-workers [48] investigated the effects of a NiO layer screen printed on a dense 

3 mol% yttria stabilized zirconia on the phase composition of the substrate after firing at 

temperatures between 1350 to 1550°C. The NiO coated 3YSZ sample contained tetragonal and a 

small amount of cubic phase after heat treatment at 1350°C, similarly to the 3YSZ sample without 

NiO. By increasing the heat treatment temperature and dwell time, especially at temperatures above 

1500°C, the amount of tetragonal phase decreased and more cubic and monoclinic phase were 

formed, while the phase composition remained approximately unchanged in the 3YSZ sample 

without NiO. They concluded that at all temperatures the presence of NiO facilitates the growth of 

the tetragonal grains, which in turn facilitates the formation of the monoclinic phase, as more grains 

reach the critical size for the tetragonal to monoclinic phase transformation.  

It is important to note that the NiO‒SZ supports investigated in this work are a mixture of NiO 

and tetragonal zirconia grains, making it different from the layered structure studied by Delaforce 

and co-workers [48]. Moreover, considering the heat treatment temperatures applied in this work, it 

is unlikely that the formation of monoclinic phase can be attributed to the higher grain growth of the 

tetragonal grains or dissolution of NiO. The observed destabilizing effect of NiO requires a 

different explanation. 

In a composite made of tetragonal grains and a second phase, two important parameters affect 

the stability of the tetragonal grains, namely the coefficient of thermal expansion (CTE) and the 
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young’s modulus of the second phase. A lower CTE of the second phase than that for zirconia 

results in a tensile residual stress in the zirconia phase, which facilitates the tetragonal to monoclinic 

phase transformation. Furthermore, the tetragonal grains can more readily undergo the tetragonal to 

monoclinic phase transformation if the surrounding matrix has a lower Young’s modulus. This is 

the reason why the phase transformation is more pronounced in a porous structure [49]. The CTE 

and Young’s modulus of NiO and YSZ are presented in Table 3. As can be seen, NiO has a higher 

CTE than the YSZ, while the Young’s modulus of the zirconia phase is higher. As a result, 

compressive residual stress will form in the zirconia phase upon the subsequent cooling from the 

sintering step, while surrounded by NiO grains with lower Young’s modulus. The results of the 

present investigation suggest that the destabilizing effect of the low Young’s modulus of the 

neighboring matrix surpasses the stabilizing effect of the compressive residual stress.  

 

Table 3  

Coefficient of thermal expansion (CTE) and young’s modulus of NiO and stabilized zirconia. 

Material CTE (10-6 K-1) E (GPa) 

NiO 11 – 16‡ (25-1000°C) [50] 96* [51]  

6 mol% YO1.5-SZ 8.5 – 11 (25-600°C) [52] 216 [53]  

16 mol% YO1.5-SZ 9 – 12 (25-1000°C) [50]  220 [54] 

‡Showing a max of 18.5∙10-6 K-1 at 250°C 

*Showing a max of 245 GPa at 250°C 

 

For comparison, alumina-tetragonal zirconia composites can be considered. Alumina has a 

lower CTE and higher Young’s modulus than zirconia. In this case the presence of alumina 

increases the stability of the tetragonal phase [20], indicating the superior stabilizing effect of 
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higher Young’s modulus than the destabilizing effect of tensile residual stresses resulting from a 

lower CTE.  

As a result, one can conclude that in NiO‒6YO1.5-SZ supports the stabilizer content is high 

enough to stabilize the tetragonal phase in the presence of NiO. Nonetheless, the new compounds 

studied in this work contain lower amount of stabilizer(s), thus a small monoclinic fraction is 

formed in the corresponding NiO‒SZ composites. The destabilizing effect of NiO grains in the 

NiO‒SZ composite possibly influences the extent of the transformation toughening. The small 

amount of the monoclinic phase observed at surfaces fractured at 800°C, can also be a consequence 

of destabilizing effect of NiO and the porous structure of the materials.  

Effect of temperature and grain size on the fracture toughness 

The fracture toughness of the tetragonal zirconia-based supports in the oxidized form was 

significantly higher than that of their cubic zirconia-based counterpart. The difference was highest 

at room temperature but persisted, to a lesser degree at 800°C. Pećanac and co-workers [18] 

observed the same trend in their tetragonal and cubic zirconia based supports. Fracture toughness of 

the NiO‒6YO1.5-SZ supports at room temperature was 3.05 MPa.m1/2, higher than that of the NiO‒

16YO1.5-SZ supports, i.e. 1.76 MPa.m1/2. The toughness of NiO‒6YO1.5-SZ decreased to 2.64 

MPa.m1/2 at 800°C, while in the NiO‒16YO1.5-SZ support remained almost similar (1.93 MPa.m1/2). 

The higher values of the 6YO1.5-SZ-based supports at room temperature and (to a lower extent) at 

800°C were attributed to the effect of the transformation toughening (which decreases at 800°C). 

The authors did not study the crystalline phase composition of the fracture surfaces and the grain 

sizes of the samples were not reported.  

Generally, the driving force for the tetragonal to monoclinic phase transformation in 

transformable tetragonal zirconia-based ceramics decreases with increasing temperature, as the 
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tetragonal phase becomes thermodynamically more stable. Consequently, the transformation 

toughening becomes less effective at higher temperatures. For a 3 mol% yttria doped tetragonal 

zirconia single crystals, for instance, it has been reported that the stress induced tetragonal to 

monoclinic phase transformation cannot occur above 900°C [55].  

Theunissen and co-workers [56] reported the variation in fracture toughness of 2.5mol% yttria 

doped zirconia samples with grain sizes of 750, 300 and 180 nm from room temperature to 800°C. 

Although all the samples had comparable fracture toughness at room temperature, the monoclinic 

phase could not be detected in fractured surfaces of the samples with grain sizes of 180 and 300 nm, 

and the drop in fracture toughness with increasing temperature was found to be most substantial in 

sample with the average grain size of 750 nm. The authors suggested that the higher observed 

toughness of the fine-grained samples is a consequence of crack deflection and not transformation 

toughening; hence the reduced effect of temperature. 

The effect of grain size on the fracture toughness of zirconia ceramics is well studied. Trunec 

[57] investigated the fracture toughness of 3 mol% yttria doped zirconia having different grain 

sizes, ranging from 0.19 to 2.15 µm. The toughness of samples with grain sizes up to 0.4 µm was 

rather similar, while an increase in toughness was observed by further increase in the grain size. A 

same trend was reported by Tsukuma and Shimada [58] for ceria doped tetragonal zirconia, where 

samples with larger grain sizes possess higher fracture toughness despite having similar stabilizer 

content. This increase in the fracture toughness of the transformable tetragonal zirconia ceramics 

can be explained by the higher transformability of the larger grains because such grains are closer to 

the critical grain size for the tetragonal to monoclinic phase transformation and hence provide more 

toughening on application of a stress. For 8YSZ zirconia on the other hand decreasing fracture 

toughness by increasing grain size has been reported [59,60].  
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Considering the average grain size of the tetragonal and cubic zirconia-based samples studied 

in this work, along with the Raman spectroscopy results, it can be concluded that the higher 

toughness in the tetragonal zirconia samples is due to the transformation toughening effect and their 

smaller grain size in tandem. However, at high temperatures the transformation toughening 

decreases dramatically and we believe that the higher toughness of the tetragonal zirconia as 

compared to the cubic samples is predominantly a consequence of the smaller grain sizes in the 

tetragonal samples. In this context, the higher fracture toughness of 1.5Ce 4.5Y than 6YO1.5-SZ 

while having rather similar grain size distribution can be explained by the higher transformability of 

this compound due to its lower content of stabilizing agents. There is no change in the toughness of 

NiO‒16YO1.5-SZ supports at room and high temperatures, as the transformation toughening is not a 

characteristic of cubic zirconia. 

As mentioned earlier, with conventional sintering the grain size of sintered 16YO1.5-SZ is 

(typically) several times that of 6YO1.5-SZ ceramics. This suggests that cubic zirconia based 

supports studied by Pećanac and co-workers [18] had larger grain size. In this regard, the higher 

fracture toughness of the NiO‒3YSZ than the NiO‒8YSZ supports at 800 C, as reported by the 

authors, may be well explained. 

Effect of reduction on the fracture toughness 

The significantly higher room temperature fracture toughness of the reduced samples compared 

to the samples in the oxidized form shows that the highly ductile Ni phase overcome the effect of 

the higher porosity. The toughening effect from the plastic deformation of Ni-phase in Ni‒SZ SOC 

supports is well-known [18,61]. Moreover, the high ductility of Ni resulted in comparable fracture 

toughness of tetragonal and cubic zirconia based supports (see Fig. 5), in contrast to the differences 

observed in the oxidized samples (see Fig. 2).  
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On the other hand, the fracture toughness of the reduced samples decreased dramatically at 

800°C, as also observed in [18,61]. This observation can be explained by the lower stiffness and 

yield stress of Ni at 800°C. Radovic and co-workers [61] reported that the number of deformed Ni 

ligaments close to the crack tip decrease in Ni-SZ samples fractured at higher temperatures, why 

crack bridging of Ni ligaments became less effective. Creep of the Ni would decrease the fracture 

toughness even further, but this cannot be effective in the relatively fast fracturing in the double 

torsion test (i.e. in the order of seconds). It could be however relevant for the slow crack growth 

driven by stresses from a thermal gradient.  

Effect of Ce on the stability of the tetragonal phase 

Lowering the amount of stabilizer(s) in a tetragonal stabilized zirconia decreases its stability, 

allowing the tetragonal to monoclinic phase transformation to occur more readily. In a highly 

transformable material, this phase transformation can happen even without applying an external 

load. This phenomenon, that can occur both at low and high temperatures, negatively influences the 

mechanical properties of the material. Lin and Duh [62,63] observed that aging at high temperatures 

can cause the tetragonal to monoclinic phase transformation to occur athermally upon the 

subsequent cooling to room temperature, and even isothermally during aging. The extent of the 

transformation depends on the temperature and duration of aging, and the stabilizer concentration in 

the stabilized zirconia compound.  

It is crucial for the SOC technologies that the tetragonal phase in the supports is stable for 

thousands of hours at high temperatures (>700°C) and through thermal cycles (where the low 

temperature degradation can occur). The results of this study showed that lowering the yttria 

content from 6 mol% yttrium to 5 mol% negatively influences the high temperature aging resistance 

of the tetragonal phase. The good aging stability of Ce-Y co-doped compounds, having relatively 
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similar stabilizing content as 5YO1.5-SZ, was attributed to the stabilizing effect of Ce3+, after 

reduction.  

Studies on the phase stability of Ce-doped zirconia shows that heat treatment in reducing 

atmosphere at high temperatures (>1200°C) can result in the formation of a second phase [64,65], 

probably as a result of the reduction of Ce4+ and Zr4+ to Ce3+ and Zr3+, respectively [64]. It also 

decreases the stability of the tetragonal phase retained at room temperature and may even result in 

the formation of the monoclinic phase upon the subsequent cooling from the high treatment 

temperature. This is due to the depletion of stabilizer in the tetragonal zirconia matrix to lower than 

that required for retaining the tetragonal phase to room temperature [65–68].  

At lower reducing temperatures (<1000°C) formation of an extra phase is not reported, as Zr4+ 

to Zr3+ reduction does not occur, nor segregation of Ce3+ to the grain boundaries, and an increase in 

the stability of the tetragonal phase is observed [64,69]. To explain such increased stability, it is 

useful to consider the stabilizing mechanisms of cerium and yttrium cations in a doped zirconia 

system.   

The stabilization of the tetragonal phase using a stabilizer is in fact achieved by relieving the 

oxygen overcrowding around Zr4+ cations. The oversized Y3+ cations reduce the oxygen 

overcrowding by both introducing Zr-associated oxygen ion vacancies and through the dilatation of 

the cation network. Doping tetravalent cations however, does not produce any oxygen vacancy. 

Accordingly, the stabilizing effect of oversized Ce4+ cations is only through the dilatation of cation 

network [21,22,70], an explanation for why the effect of Y3+ is approximately the double of that for 

Ce4+, because no oxygen vacancies is generated by doping of tetravalent cations.  

The valence change of Ce4+ to Ce3+ at the reduction temperatures studied in this work 

introduces oxygen ion vacancies. As a result, the oversized trivalent Ce3+ (with ionic radios of 
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1.07Å as compared to Ce4+: 0.94Å and Zr4+: 0.86Å) provides more efficient stabilizing by the two 

mechanisms. Obviously, the increased stabilizing effect is dependent on the extent of reduction of 

Ce4+ cations. Increasing the temperature of the reducing atmosphere and the reduction duration will 

increase the extent of the reduction. As observed in the low temperature degradation results of the 

reduced 1.5CeO2 4.5YO1.5-SZ based supports (Fig. 10) increasing the reduction time and 

temperature lead to higher aging resistance. This can be explained by the higher degree of reduction 

of CeO2, therefore increasing the stability of the tetragonal phase. The stabilizing effect of Ce3+ 

resulting from the reduction of Ce4+ in Sc-Ce co-doped tetragonal zirconia samples has also been 

seen by Kubrin and co-workers [71].  
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Conclusions 

In this work, Ni(O)-Stabilized zirconia fuel electrode supports with 6 different stabilized zirconia 

compounds were prepared and characterized. The results of this study can be summarized as 

follows: 

o Lowering the stabilizer content can improve the fracture toughness of supports in the 

oxidized state by increasing the transformability of the tetragonal zirconia, consequently 

providing the transformation toughening to a higher extent. The transformation toughening 

effect, however, decreases drastically at 800°C. Compared to the state-of-the-art NiO‒

6YO1.5-SZ support, the NiO‒1.5CeO2 4.5YO1.5-SZ support possesses an improved 

toughness with as much as 30 and 10% at room temperature and 800°C, respectively.  

o In the reduced state, the tetragonal and cubic zirconia based supports exhibit comparable 

fracture toughness at room and high temperatures. 

o The higher fracture toughness of the tetragonal zirconia based supports compared to their 

cubic zirconia based counterparts was concluded to be partly due to the transformation 

toughening effect and partly due to their finer grained microstructure. 

o Presence of NiO in a matrix of NiO and tetragonal zirconia grains decreases the stability of 

the tetragonal phase. Considering the negative effect of porosity on the stability of the 

tetragonal phase, the porous structure of NiO‒SZ SOCs supports and presence of NiO are 

thus two parameters increasing the extent of the transformation toughening. 

o Lowering the yttria content from 6 mol% YO1.5 to 5 mol% dramatically decreased the high 

temperature aging resistance of the tetragonal zirconia phase in the SOC supports. On the 

other hand, Ce-Y co-doped compounds, having rather similar stabilizer content, possess 

superior aging stability at both low and high temperatures. Considering the low temperature 

degradation results of reduced samples, the stabilizing effects of Ce3+ were believed to be 
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the reason of high aging stability of co-doped compounds. Accordingly, co-doping with Ce-

Y is a more promising approach to improve the mechanical- properties and stability of SOC 

fuel supports. 

o The 1.5CeO2 4.5YO1.5-SZ based support had approximately 18% higher toughness 

compared to the 6YO1.5-SZ state-of-the-art support after aging at 800°C for 850 h.  

o The results of the present study suggest the 1.5CeO2 4.5YO1.5-SZ as a promising alternative 

for 6YO1.5-SZ to provide improved fracture toughness and aging resistivity of a solid oxide 

fuel or electrolysis cell support. 
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Supplementary materials 

 

 

 

Fig. S1. Diagram showing the composition of the zirconia compounds studied in this work in relation to the 

transformation boundaries (T=1350°C).  
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Fig. S2. Loading configuration of the double torsion test. 

 

 

Fig. S3. Fracture toughness of the NiO‒1.5CeO2 4.5YO1.5-SZ (developed in this work) and the NiO‒6YO1.5-

SZ (state-of-the-art support) at room temperature and 800°C as a function of porosity (extracted from Fig. 2 

and Fig. 3). 
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Introduction 

In the previous chapter, fracture toughness of solid oxide cells fuel electrode supports prepared 

from six different stabilized zirconia compounds were studied. Moreover, the tetragonal to 

monoclinic phase transformation due to the aging of reduced samples at low and high temperatures 

was investigated. In this chapter, strength, Young’s modulus and low temperature aging of NiO‒

stabilized zirconia (with different stabilizer compositions) samples are evaluated to further 

investigate the mechanical performance and stability of the supports. The low temperature aging 

studies are also carried out for plain stabilized zirconia samples and the results are compared to 

those of the composites.  

Experimental 

Materials 

Table 1 shows the NiO‒stabilized zirconia (SZ) and plain SZ samples studied in this work. The 

compositions and supplier of the stabilized zirconia compounds are provided. The stabilizer(s) 

content of the zirconia compounds were chosen based on the tetragonal phase stability maps 

developed in Chapter 3. Fig. 1 shows the composition of the materials comparing to the phase 

transformation boundary lines (developed in Chapter 3). 

The plain and composite samples were prepared using the tape casting method [1,2]. For the 

composite samples, a composition of 45 wt% stabilized zirconia and 55 wt% NiO were used. For 

one stabilized zirconia compound, i.e. 6YO1.5-SZ, NiO‒SZ‒Alumina composites having 0.5 wt% 

alumina, were also prepared. Sintering of composite samples was done at 1320°C and 1350°C. The 

plain stabilized zirconia samples were sintered at 1060, 1200 and 1340°C to obtain samples with 
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different porosities and grain size distribution. The samples had a thickness of 0.2 to 0.3 mm after 

sintering.  

 

Table 1  

Samples studied in this work and composition of the corresponding stabilized zirconia (SZ) phase.  

Sample notation 

Stabilizer content of the SZ 

phase  Supplier of the SZ 

material 
Ce (mol%) Y (mol%) 

NiO‒16YO1.5-SZ  - 16 Tosoh, Japan 

NiO‒6YO1.5-SZ - 6 Tosoh, Japan 

NiO‒4.6YO1.5-SZ - 4.6 Cerpotech, Norway 

NiO‒4YO1.5-SZ - 4 Tosoh, Japan 

NiO‒5YO1.5-SZ - 5 Tosoh, Japan 

NiO‒1.5CeO2 4.5YO1.5-SZ 1.5 4.5 Nanoe, France 

NiO‒3CeO2 3.6YO1.5-SZ 3 3.6 Nanoe, France 

NiO‒5CeO2 3YO1.5-SZ 5 3 Nanoe, France 

6YO1.5-SZ - 6 Tosoh, Japan 

5YO1.5-SZ - 5 Tosoh, Japan 

1.5CeO2 4.5YO1.5-SZ 1.5 4.5 Nanoe, France 
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Fig. 1. Composition of the zirconia compounds studied in this work in relation to the phase transformation 

boundary diagram (T=1350°C). 

 

Characterization 

The strength of the NiO‒SZ samples was measured using four-point bending tests. The as-

sintered tapes were laser cut to rectangular bars with the dimensions of 60×6 mm2. The long edges 

of the samples were polished to remove the cracks and defects generated during laser cutting to 

ensure that they don’t affect the bending strength. The samples were glued together into a stack 

with epoxy so that the edges of multiple samples could be polished together. After polishing, the 

samples were washed repeatedly with acetone in an ultrasonic bath to remove the epoxy [3]. An in-
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house made rig capable of testing multiple samples in one heat up was used. Details of the 

measurement rig can be found elsewhere [4].  

Fig. 2 shows schematically the loading configuration and dimensions of the four-point bend 

specimens used in this work. 

 

 

Fig. 2. Schematic representation of four-point bending test specimen and loading configuration. 

 

Flexural strength (σ) of a rectangular bar in a 4-point bending test is given by: 

𝜎 =
3𝑃𝐿

4𝑊𝑡2
 (1) 

where P is the load at fracture, L is the distance between the supports (Fig. 2), and W and t are 

the width and thickness of the specimen, respectively.  

Young’s modulus of the samples (E) was determined from the four-point bending tests using 

the following equation [3]: 

P/2

12.5 mm 12.5 mm
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𝐸 =
3𝐿𝑎2 − 4𝑎3

𝑊𝑡3
∙

∆𝑃

∆𝑑
 (2) 

where ΔP/Δd is the slope of the load-displacement curve obtained during the measurement, a is 

the distance between the support and loading point (12.5 mm), and L, W and t are the parameters 

introduced in Equation 1.  

It is well known that strength of ceramics is highly dependent on the number, shape, size and 

distribution of cracks and flaws in their microstructure. This results in variability in the strength 

values of similar samples (having similar composition and preparation) measured under identical 

conditions. Use of statistical analysis is therefore preferred to evaluate strength distribution of these 

brittle materials[5]. In this work, the Weibull statistical analysis was used for strength 

characterization of the NiO-SZ supports. The strength values measured using Equation 1 were 

sorted in ascending order, and the probability of failure function (Pf) was calculated as [6]: 

𝑃𝑓 =
𝑖 − 0.5

𝑁
           𝑖 = 1, 2, 3, … , 𝑁 (3) 

where N is the total number of samples. 

The two-parameter Weibull distribution model, given as follows, were then used [5,6]: 

𝑃𝑓(𝜎) = 1 − 𝑒𝑥𝑝 [− (
𝜎

𝜎0
)

𝑚

] (4) 

where m and σ0 are the Weibull modulus (also called Weibull shape parameter) and Weibull 

strength (also called Weibull scale parameter), respectively.  

For the low temperature degradation studies, the plain and composite samples were aged in 

steam at 104 and 134°C for different time, ranging from 0.5 to 50 h. The crystalline phase analysis 

of the aged samples was carried out using X-ray diffraction (XRD) on a Bruker D8 instrument 



129 

 

(Bruker, Germany). The method developed by Toraya and co-workers [7] was used to estimate the 

amounts of monoclinic and tetragonal phases in the aged samples using the integrated peak 

intensities of the (101)t, (111)m and (1̅11)m planes: 

𝑋𝑚 =
𝐼𝑚(111) + 𝐼𝑚(1̅11)

𝐼𝑚(111) + 𝐼𝑚(1̅11) + 𝐼𝑡(101)
 (5) 

𝑉𝑚 =
1.311𝑋𝑚

1 + 0.311𝑋𝑚
 (6) 

The subscripts m and t denote the monoclinic and tetragonal phases, respectively. 

Microstructural studies were done using scanning electron microscopy (FE-SEM, Carl Zeiss, 

Germany). Porosity of the samples was determined using their mass and geometrical dimensions. 

Results and discussion 

NiO‒4YO1.5-SZ (NiO‒2YSZ) support 

The as-sintered NiO‒4YO1.5-SZ support contained several macrocracks and had been fractured 

into smaller pieces. From the XRD analysis, it was found that the zirconia phase in the sample 

contained 93% monoclinic phase. The SEM images of the sample (Fig. 3) showed presence of 

microcracks and defects in the microstructure. As discussed in previous chapters, the tetragonal to 

monoclinic phase transformation is accompanied with a 3-5% volume expansion. If this 

transformation occurs to a large extent upon cooling from the sintering temperature, numerous 

cracks will be generated in the ceramic. Considering the high amount of the monoclinic phase in the 

as-sintered material, the formation of these macro- and micro- cracks can thus be explained.  
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Fig. 3. SEM micrographs of as-sintered NiO‒4YO1.5-SZ support. The arrows show the cracks generated most 

likely due to the tetragonal to monoclinic phase transformation upon cooling.  
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The studies on the stability of the tetragonal phase in doped zirconia compounds (Chapter 3) 

showed that zirconia doped with 4 mol% YO1.5 will contain a large amount of monoclinic phase if 

calcined in the powder form at 1350°C. On the other hand, in a sintered ceramic state (with a 

density above 90% of the theoretical density) the tetragonal phase can be fully retained (See Fig. 1). 

The NiO‒4YO1.5-SZ support prepared in this work had a rather high porosity (≈25%). Also, as 

discussed in Chapter 4, NiO in a NiO-SZ composite facilitate the tetragonal to monoclinic phase 

transformation. The high porosity and the presence of NiO thus well explain the observed high 

content of the monoclinic phase in this support. 

Strength  

NiO‒6YO1.5-SZ support 

Fig. 4 shows strength of the NiO‒6YO1.5-SZ supports at different porosities measured at room 

temperature and 800°C. The strength values at 13% porosity reported by Ni and co-workers [3] are 

also included. The porosity dependency of fracture strength of NiO‒SZ supports can be described 

by a first order exponential model [8–10]: 

𝜎 = �̃� exp (−𝑏𝜎𝑝) (7) 

where �̃� is the strength of the material at zero porosity, bσ is the porosity dependence constant 

and p is material’s porosity. 

The curves fitted to the room and high temperature strength values are also shown in Fig. 4. 

The bσ values are calculated as 4.7 and 5.76 for room temperature and 800°C values, respectively. 

This indicates that the decrease in strength by increasing porosity is more pronounced at 800°C. Ni 

and co-workers [3] reported the bσ value for the similar composite as 2.58. They used the strength 

values of oxidized and reduced samples together for fitting, which reduces the accuracy of analysis 
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due to the inherent difference between the mechanical properties of NiO‒6YO1.5-SZ and Ni‒

6YO1.5-SZ composites. Frandsen and co-workers [8] determined the bσ for solid oxide cells’ anode 

supported half cells (having a 10 and 30 µm 6YO1.5-SZ electrolyte and NiO‒16YO1.5-SZ anode, 

respectively supported on a 300 µm NiO‒6YO1.5-SZ support with similar composition as the one 

used in the current work) as 8, but they used a smaller range of porosities for the fitting. Radovic 

and Lara-Curzio [9] obtained a value of 2.58 (±0.34) for NiO‒16YO1.5-SZ composite with a NiO 

composition of ≈72 wt%. Although the composition of supports in the current work is different (i.e. 

55 wt% NiO) the obtained bσ value indicates the higher dependency of strength of tetragonal 

zirconia based supports on porosity than their cubic zirconia counterpart (as studied in [9]). A 

similar trend was observed in the fracture toughness of tetragonal and cubic zirconia based supports 

(Chapter 4). Deng and co-workers [11] studied the mechanical properties of 6YO1.5-SZ (3YSZ) 

ceramics at different porosities. Using the Equation 7 to fit the strength data reported in [11] the bσ 

value for 6YO1.5-SZ is calculated as 4.63. This is close to the room temperature bσ value of the 

composite material obtained in this work. 

 

Fig. 4. Weibull strength of NiO‒6YO1.5-SZ as a function of porosity at room temperature (blue markers) and 

800°C (red markers), (◆) measured in this work and (■) in [3]. The fitted exponential curves are shown. 
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The �̃� values for room temperature and 800°C are calculated as 760 and 831 MPa, 

respectively. The values are considerably high, even close to the strength of dense 6YO1.5-SZ, i.e. 

around 800 MPa [11]. Moreover, higher strength of the material at 800°C than that at room 

temperature may suggest that the model is not suitable for estimating the strength values at 

porosities below 10%.  

The Young’s modulus of NiO‒6YO1.5-SZ samples at different porosities measured at room 

temperature and 800°C is presented in Fig. 5. As seen, the room and high temperature values are 

rather similar. Use of exponential model (Equation 1) to fit the experimental Young’s modulus data 

resulted in an unreasonably high value at zero porosity (≈ 330 GPa).  

 

 

Fig. 5. Young’s modulus of NiO‒6YO1.5-SZ as a function of porosity measured at room temperature (blue 

symbols) and 800°C (red symbols). The experimental data are best fitted by a linear model. 

 

Pihlatie and co-workers [12] measured the Young’s modulus of NiO‒6YO1.5-SZ supports at 

different porosities using the impulse excitation technique (IET) and concluded that the 

0

20

40

60

80

100

120

140

160

0.1 0.15 0.2 0.25 0.3 0.35 0.4

Y
o

u
n

g
's

 m
o

d
u

lu
s 

(G
P

a)

Porosity 



134 

 

experimental data are best fitted by a linear model, compared to other models such as exponential or 

non-linear. The linear model is given by: 

𝐸 = 𝐸0(1 − 𝑏𝐸𝑝) (8) 

Table 2 presents the E0 and b values obtained by fitting the results of the current work to the 

linear model along with the corresponding values reported in [12]. As can be seen, the Young’s 

modulus values obtained in this work from the four-point bending measurements are in agreement 

with those determined with the impulse excitation technique. 

 

Table 2  

Young’s modulus at zero porosity and porosity dependency of Young’s modulus of NiO‒6YO1.5-SZ supports 

at room temperature and 800°C, obtained by fitting the experimental data to a linear model. 

Condition E0 (GPa) b R2 Ref. 

Values at RT 207.26 2.074 0.997 This study 

Values at 800°C 206.96 2.054 0.997 This study 

Values at RT 206.88 2.118 0.986 [12] 

 

New zirconia composites 

Fracture strength and Young’s modulus of the new tetragonal zirconia based support materials 

together with the porosity of the samples are given in Table 3. Also, the fracture strength of NiO‒

16YO1.5-SZ, having the cubic zirconia, is shown and it is seen to be significantly lower (~30-50%) 

than the other samples with the tetragonal phase. The same trend was observed in fracture 

toughness of these samples (Chapter 4) and was explained by the effect of transformation 

toughening and finer grained microstructure of tetragonal zirconia based supports. 
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Table 3  

Fracture strength and Young’s modulus of NiO‒SZ samples at room temperature and 800°C. 

Material Porosity 
Tested at RT Tested at 800°C 

σ0 (MPa) ‡ E (GPa)* σ0 (MPa) ‡ E (GPa)* 

NiO‒16YO1.5-SZ 0.075 190 (173-207) 156 (6.7) 200 (167-233) 154.4 (2.6) 

NiO‒4.6YO1.5-SZ 
0.31 161 (157-173) 68.9 (3.2) - - 

0.35 147 (138-156) 55.8 (1.5) 110 (95-126) 49.6 (7.1) 

NiO‒5YO1.5-SZ 0.185 414 (395-431) 139.7 (4.5) 382 (338-426) 144.7 (7.8) 

NiO‒1.5CeO2 4.5YO1.5-SZ 0.205 311 (295-326) 112.7 (2.8) 321 (303-337) 132.6 (5.6) 

NiO‒3CeO2 3.6YO1.5-SZ 0.235 309 (298-318) 104.7 (4.1) 249 (227-269) 118.7 (3.9) 

NiO‒5CeO2 3YO1.5-SZ 
0.235 265 (240-289) 101.4 (1.9) - - 

0.25 231 (213-248) 84.5 (4.8) - - 

‡ Numbers in parentheses show the 90% confidence intervals 

* Numbers in parentheses show the standard deviation 

 

To compare the strength of these samples with that of the state-of-the-art NiO‒6YO1.5-SZ 

(NiO‒3YSZ) support the above fitted strength-porosity models were used. The strength values of 

NiO‒6YO1.5-SZ were estimated at the corresponding porosities for each of the measurements.  

Fig. 6a, b show the Weibull strength of the supports with different stabilized zirconia 

compounds and the strength values predicted for the NiO‒6YO1.5-SZ at room temperature and 

800°C, respectively. The NiO‒5YO1.5-SZ exhibits a significantly higher strength (≈30%) both at 

room temperature and 800°C. In addition, the 1.5CeO2 4.5YO1.5-SZ and 3CeO2 3.6YO1.5-SZ based 

supports also show an improved strength over the state-of-the-art. The strength values in other 

compounds are relatively comparable.  
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Fig. 6. Weibull strength of the tetragonal zirconia based supports (blue bars) compared to the estimated value 

for NiO‒6YO1.5-SZ substrate at the corresponding porosities, at (a) room temperature and (b) 800°C. 
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The relative enhancement of strength of the 5YO1.5-SZ, 1.5CeO2 4.5YO1.5-SZ and 3CeO2 

3.6YO1.5-SZ based supports compared to the NiO‒6YO1.5-SZ substrate are shown in Fig. 7. The 

improved strength of the new composition despite having rather larger grain size than the 6YO1.5-

SZ based support (Table 2, Chapter 4) can be explained by the higher transformability of these 

zirconia compounds, due to their lower stabilizer content.  

 

 

Fig. 7. Difference in Weibull strength of the 5YO1.5-SZ, 1.5CeO2 4.5YO1.5-SZ and 3CeO2 3.6YO1.5-SZ based 

supports compared to the NiO‒6YO1.5-SZ standard substrate at room temperature (green bars) and 

800°C (gray bars). 

 

Even though the NiO‒5YO1.5-SZ support shows a significantly higher strength, the high-

temperature aging sensitivity of its zirconia compound, as discussed in Chapter 4, can be a 

significant issue. As observed in this work, the Ce-Y co-doped materials also showed an improved 
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SZ based support (Chapter 4) again confirms it as a promising alternative for 6YO1.5-SZ to use in 

NiO‒SZ supports. 

Low temperature degradation 

NiO‒SZ samples 

Fig. 8 shows the amount of monoclinic phase formed in aged NiO‒6YO1.5-SZ supports, with 

and without alumina and at different grain sizes. Following can be observed: 

 Comparing the samples containing alumina (i.e. red and green curves) aged at 134°C, it 

is seen that the sample with 21 nm smaller average grain size (green curves) is stable 

after 50 h of aging, as no monoclinic phase is detected.  

 Considering the samples having similar average grain size and porosity, but with and 

without alumina (i.e. the blue and green curves) aged at 134°C, it is observed that the 

sample without alumina is very sensitive to aging, while no monoclinic phase is formed 

in alumina containing sample.  

 The crystalline phase analysis of the samples aged at 104°C for 20 h showed no 

monoclinic zirconia in the samples with average grain size of 226 and 228 nm, whereas 

minor amount of monoclinic phase (~5.5%) was detected in the sample with the 

average grain size of 249 nm. 

Accordingly, it is concluded that presence of alumina can significantly increase the aging 

resistance of the NiO‒SZ composites. The improved aging resistance of zirconia ceramics (without 

NiO) having a small amount of alumina has also been reported in literature [13]. Moreover, an 

increase of the grain size of zirconia in NiO‒6YO1.5-SZ from ~230 to 250 nm dramatically 

increases the susceptibility of the support to low temperature degradation.  
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Fig. 8. Monoclinic content of NiO‒6YO1.5-SZ supports (with and without alumina and at different grain 

sizes) as a function of aging time at 134°C (solid lines) and 104°C (dashed lines). Porosity and average grain 

size of the samples are shown in brackets. The numbers in parentheses represent the standard deviation from 

the average grain size. 

 

The monoclinic phase content of NiO‒5YO1.5-SZ, NiO‒1.5CeO2 4.5YO1.5-SZ, NiO‒3CeO2 

3.6YO1.5-SZ and NiO‒5CeO2 3YO1.5-SZ after aging are presented in Fig. 9.  

The NiO‒5CeO2 3YO1.5-SZ has the highest aging stability compared to the other three 

compositions, which can be attributed to its relatively higher stabilizer content, and also the higher 

amount of doped ceria. This is because the ceria-doped zirconia ceramics (typically) have higher 

aging resistivity [13,14]. The low stability of the new compounds can also be observed in the high 

amount of phase transformation after aging at 104°C.  

The aging results of NiO‒1.5CeO2 4.5YO1.5-SZ and NiO‒5CeO2 3YO1.5-SZ at two different 

grain sizes show that the samples are less sensitive to the grain size in contrast to what observed in 

NiO‒6YO1.5-SZ.  
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Fig. 9. Monoclinic content of NiO‒SZ supports as a function of aging time at 134°C (solid lines) and 104°C 

(dashed lines). Porosity and average grain size of the samples are shown in brackets. The numbers in 

parentheses represent the standard deviation from the average grain size.  

 

The results indicate that the new supports have significantly lower aging resistance compared 

to NiO‒6YO1.5-SZ. This can be explained by the lower content of stabilizer in the zirconia phase.  

Plain stabilized zirconia samples (without NiO) 

The plain zirconia samples sintered at 1060°C were highly porous (i.e. 35-45%) and had a fine 

microstructure (average grain size < 50 nm). No monoclinic phase was found in the samples after 

aging at 134°C for 50 h.  
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Fig. 10 shows the amount of monoclinic phase formed in the 6YO1.5-SZ, 5YO1.5-SZ, and 

1.5CeO2 4.5YO1.5-SZ samples (having the average grain size of ≈120 nm) after aging. The 6YO1.5-

SZ was completely stable even after 50 h of aging, while a significant amount of monoclinic phase 

is formed in 5YO1.5-SZ and 1.5CeO2 4.5YO1.5-SZ. The 5YO1.5-SZ was the least stable at these 

aging conditions. Minor amount of monoclinic phase (i.e. <1.5%) was observed in 5YO1.5-SZ and 

1.5CeO2 4.5YO1.5-SZ after 20h aging at 104°C (not shown in Fig. 10). 

 

 

Fig. 10. Monoclinic content of plain SZ samples with average grain size of ≈120nm as a function of aging 

time at 134°C. 

 

The aging results of the plain zirconia samples sintered at higher temperatures (Fig. 11) 

showed a dramatically increased aging susceptibility as a consequence of having larger average 

grain sizes. 5YO1.5-SZ had the highest sensitivity to the low temperature degradation (despite 

having smaller grain size). 
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Fig. 11. Monoclinic content of plain SZ samples as a function of aging time at 134°C (solid lines) and 104°C 

(dashed lines). Porosity and average grain size of the samples are shown in brackets. The numbers in 

parentheses represent the standard deviation from the average grain size.  

 

Comparing the aging results of plain and composite samples, it can be concluded that NiO does 

not have a significant effect on the aging sensitivity of the tetragonal zirconia in NiO‒SZ 

composites.  

Time-temperature-transformation (TTT) curves 

Using the aging results of the composite and plain zirconia samples obtained in this work, 

time-temperature-transformation (TTT) curves for evolution of the monoclinic phase content can be 

developed. For instance, Fig. 12a, b shows the 10% monoclinic lines for NiO‒SZ and plain SZ 

samples. The TTT diagrams have not previously been developed for NiO-SZ supports, although 

they can be efficiently used to study the kinetics of low temperature aging in these systems.  
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Fig. 12. Time-temperature-transformation (TTT) curves of (a) NiO‒SZ and (b) plain SZ samples with 

different stabilizer composition. 
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The aging temperatures studied in the current work (i.e. 104 and 134°C) provide the TTT 

curves for a narrow range of temperatures (Fig. 12). For zirconia ceramics, it is known that the TTT 

curves typically have a C-shape, with a “nose” temperature, i.e. the temperature at which the 

tetragonal to monoclinic phase transformation occurs with a maximum rate, between 250-400°C 

[15–17]. Extrapolating the TTT curves developed in this work to such temperatures, it is estimated 

that the 10% monoclinic formation occurs with a very high rate, i.e. in ~10-100 s for the new 

stabilized zirconia compounds and in ~1000 s for the 6YO1.5-SZ based substrate. This indicates that 

technologically it is crucial to minimize the humidity content during cooling step of sintering of 

NiO‒SZ supports and through thermal cycling. Moreover, a low humidity atmosphere is preferred 

for storage of SOCs supports (irrespective of the stabilizers content of stabilized zirconia 

compound).  
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Conclusions 

In this work, strength, Young’s modulus and low temperature aging of NiO‒stabilized zirconia 

SOCs fuel electrode supports were studied. In addition, the low temperature aging studies were 

performed on plain stabilized zirconia samples (without NiO). The results of this study can be 

summarized as follows: 

o The porosity dependency constant (bσ) of NiO‒6YO1.5-SZ supports at porosity ranges 

of 10-40% was determined as 4.7 and 5.76 at room temperature and 800°C, 

respectively.  

o The porosity dependency of the Young’s modulus of NiO‒6YO1.5-SZ supports in the 

studied porosity range was best fitted by the linear model. 

o The NiO‒5YO1.5-SZ (NiO‒2.5YSZ) had the highest strength. Compared to the state-of-

the-art NiO‒6YO1.5-SZ (NiO‒3YSZ) support it showed approximately 30% strength 

improvement. Among the Ce-Y co-doped zirconia compounds, the NiO‒1.5CeO2 

4.5YO1.5-SZ and NiO‒3CeO2 3.6YO1.5-SZ showed improved strength as high as 23% 

in comparison to the NiO‒6YO1.5-SZ support. 

o The 1.5CeO2 4.5YO1.5-SZ is concluded as a promising alternative to the common 

6YO1.5-SZ, as it can provide a support with improved strength, toughness and high-

temperature aging resistivity.  

o The 5YO1.5-SZ based support, despite having a significant improved strength, is of less 

interest due to its high-temperature aging sensitivity (Chapter 4) 

o Decreasing the stabilizer content of the zirconia phase (from 6 mol% YO1.5 to the 

values studied in this work) increases the low temperature aging sensitivity of NiO‒SZ 
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supports. Moreover, addition of 0.5 wt% alumina improved the low temperature 

degradation of NiO‒SZ supports.  

o  The low temperature aging results of plain and composite samples revealed no clear 

effect of NiO on the aging of the zirconia phase in NiO‒SZ composites. 

o Preliminary establishment of time-temperature-transformation (TTT) curves of NiO‒SZ 

supports predicted a very high rate of transformation (in the order of minutes) in steam 

at temperatures around 300°C. To avoid the tetragonal to monoclinic phase 

transformation in the tetragonal zirconia based SOCs supports it is therefore crucial to 

minimize the humidity upon the cooling step of the sintering of ceramics, through 

thermal cycling, and also during the storage of the materials.  
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Introduction 

In the previous chapters, mechanical properties and phase stability of transformable tetragonal 

zirconia based samples were studied for the use in the support layer in solid oxide cells (SOCs). As 

observed, fracture toughness and strength of these materials at 800°C were significantly lower than 

the room temperature values. This was explained by the decrease in the transformation toughening 

effect with increasing temperature, as the driving force for the tetragonal to monoclinic phase 

transformation reduces. Furthermore, the phase transforming zirconia composites are prone to fast 

degradation in humid atmospheres in the intermediate temperature regime (100-400°C), which may 

be problematic for thermal cycling of the SOCs. In this chapter, the focus is on the ferroelastic 

toughening mechanism. Stabilized zirconia compounds with different stabilizer content were 

synthesized to achieve non-transformable tetragonal zirconia. The crystalline phase of the samples 

was studied. As a preliminary study, a material with high tetragonality was used to prepare NiO‒SZ 

SOCs fuel electrode supports and the fracture toughness of the samples was evaluated at room 

temperature and 800°C.  

Experimental 

Materials 

Two sets of co-doped powders, namely Y-Ti co-doped and Ce-Ti co-doped zirconia, were 

synthesized by reverse co-precipitation method [1–3]. Table 1 shows the compositions of the co-

doped zirconia compounds. Titanium (IV) bis (ammonium lactato) dihydroxide (TiBALDH), and 

nitrate salts of zirconium, yttrium and cerium, all purchased from Sigma Aldrich, were used to 

prepare aqueous synthesis solutions. The solutions were prepared with two cation concentrations, 
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namely 0.15 and 0.25 M. Aqueous ammonia solutions having 1 wt% poly-ethylene glycol 1500 

(PEG 1500) were used as the precipitant solutions.   

For each compound, the synthesis solution was added slowly and dropwise into a well-stirred 

ammonia solution. The pH of the ammonia solution was kept above 10 during the synthesis. The 

resulting precipitate was separated using 8 µm filters and washed several times, first with de-

ionized water and then with ethanol. The washed precipitate was dried at 120°C for 5 h followed by 

calcination at 700°C for 2 h.  

 

Table 1  

Compositions of co-doped zirconia powders synthesized in this work.  

Sample notation 
Concentration of dopants 

TiO2 (mol%) YO1.5 (mol%) CeO2 (mol%) 

Ti0.1 Y0.08 Zr0.82 10 8 - 

Ti0.15 Y0.08 Zr0.77 15 8 - 

Ti0.18 Y0.08 Zr0.74 18 8 - 

Ti0.2 Y0.08 Zr0.72 20 8 - 

Ti0.25 Y0.08 Zr0.67 25 8 - 

Ti0.12 Ce0.14 Zr0.74 12 - 14 

Ti0.14 Ce0.14 Zr0.72 14 - 14 

Ti0.16 Ce0.14 Zr0.7 16 - 14 

Ti0.16 Ce0.12 Zr0.72 16 - 12 
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For crystalline phase studies, the calcined powders were ground using a ceramic mortar and 

pressed into pellets with a uniaxial press at 200 MPa. The pellets were sintered at 1350°C for 10 

and 30 h using a heating and cooling ramp of 100 °C/h.  

For fracture toughness studies NiO‒stabilized zirconia SOCs fuel electrode support was 

prepared by tape casting method [4,5]. A composition of 45 wt% co-doped zirconia and 55 wt% 

NiO was chosen. The green tapes were sintered at 1300°C for 15 h. The samples had a thickness of 

200-250 µm after sintering.  

Characterization 

The Brunauer–Emmett–Teller (BET) surface area of the calcined powders was determined by 

N2 adsorption analysis (Autosorb-1, Quantachrome). 

The crystalline phases were studied by X-ray diffraction (XRD) using a Bruker D8 

diffractometer (Bruker, Germany) with Cu Kα radiation. The diffraction patterns were collected 

over the 2 theta range of 10-90°, using a step size of 0.03° and a time per step of 2 s. In addition, 

high resolution scans were conducted with a step size of 0.005° in the 2θ range of 70.5-76.5°. 

Rietveld refinement [6] was used to analyze the XRD data and was performed using WINPOW 

software [7]. 

Fracture toughness of the NiO‒co-doped zirconia specimens was evaluated using double 

torsion method (see Chapter 4). Porosity of the specimens was determined using their mass and 

geometrical dimensions. 



153 

 

Results and discussion 

Crystalline phase  

Fig. 1 shows the XRD pattern of the Ti0.1 Y0.08 Zr0.82 compound after sintering at 1350°C for 10 

h. The inset shows the high resolution scan over the 2 theta range of 70.5-76.5°. The observed peaks 

are partly the characteristics peaks of the non-transformable tetragonal zirconia phase (t' zirconia), 

and partly were found to belong to two different phases; an yttrium titanium zirconium oxide phase 

(Zr0.62 Y0.2 Ti0.18 O1.9, PDF 52-1493) with a monoclinic crystal structure, and a zirconium titanium 

oxide phase ((Zr Ti) O4, PDF 07-0290) with an orthorhombic structure. The corresponding peaks 

for these three phases are specified in Fig. 1. A minor amount of the zirconium titanium oxide 

phase (≈3.2%) was observed in Ti0.16 Ce0.14 Zr0.7, while the other Ce-Ti co-doped zirconia 

compounds had nearly pure tetragonal zirconia.  

 

Fig. 1. XRD pattern of Ti0.2 Y0.08 Zr0.72 fired at 1350°C for 10 h. The symbols show the characteristic peaks of 

t'-zirconia (◆), yttrium titanium zirconium oxide (*) and zirconium titanium oxide (■). 
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Table 2 presents the crystalline phase composition of the sintered pellets with different 

compositions. Lattice parameters (a, c) and tetragonality (c ∕ (a√2)) of the t'-zirconia phase are also 

provided. As can be seen, by increasing the Ti concentration in Ti-Y co-doped zirconia, the amount 

of the yttrium titanium zirconium oxide phase decreases, whereas the zirconium titanium oxide 

phase content increases. The Ti0.2 Y0.08 Zr0.72 compound has 78.4 wt% t'-zirconia phase and 

relatively equal amount of the second and third phases (11.94 and 9.66%, respectively). The 

crystalline phase analysis of this compound after sintering at 1350°C for 30 h showed that the phase 

composition change to around 95% t'-zirconia and 5% the other two phases. Moreover, the 

tetragonality of the t' phase remained unchanged (1.028). This suggests that the formed secondary 

phases are unstable and disappear by heat treatment and that the effects of sintering temperature and 

dwell time on the phase stability should be evaluated in detail in future studies. 

The crystalline phase studies showed similar characteristics in powders synthesized with 

synthesis solutions having cation concentration of 0.15 and 0.25 M. In addition, the BET surface 

area of the calcined Ti0.2 Y0.08 Zr0.72 powder was determined to be 86.6 m2/g. 

As discussed in Chapter 2, a high tetragonality is essential to achieve effective ferroelastic 

toughening. From table 2, several Ti-Y and Ti-Ce co-doped compounds have the tetragonality 

above 1.028, and thus are interesting materials for further studies. In the current work, as a 

preliminary evaluation, we chose the Ti0.2 Y0.08 Zr0.72 compound for preparation of NiO‒SZ support 

and fracture toughness studies.   
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Table 2  

Crystalline phase composition, lattice parameters and tetragonality of the t'-zirconia phase in the co-doped 

zirconia compounds after sintering at 1350°C for 10 h.  

Sample notation 

Crystalline phase composition (wt%) Unit cell parameters (Å) 
Tetragonality  

 (c ∕ (a√2)) 
t' zirconia Zr0.62 Y0.2 Ti0.18 O1.9 (Zr Ti) O4 a c 

Ti0.1 Y0.08 Zr0.82 74.15 25.85 - 3.5857 5.1908 1.0236 

Ti0.15 Y0.08 Zr0.77 81 19 - 3.5766 5.1988 1.0278 

Ti0.18 Y0.08 Zr0.74 80.33 17.09 2.57 3.5755 5.20 1.0284 

Ti0.2 Y0.08 Zr0.72 78.4 11.94 9.66 3.5753 5.1998 1.0284 

Ti0.25 Y0.08 Zr0.67 72.62 14.2 13.18 3.5764 5.2005 1.0282 

Ti0.12 Ce0.14 Zr0.74 100 - - 3.6134 5.2518 1.0277 

Ti0.14 Ce0.14 Zr0.72 100 - - 3.6105 5.2552 1.0292 

Ti0.16 Ce0.14 Zr0.7 96.8 - 3.2 3.6073 5.2581 1.0307 

Ti0.16 Ce0.12 Zr0.72 100 - - 3.6008 5.254 1.0318 

 

Fracture toughness 

Fracture toughness of NiO‒Ti0.2 Y0.08 Zr0.72 measured at room temperature and 800°C are 

shown in Fig. 2. For comparison, fracture toughness of the most common SOCs fuel electrode 

supports, i.e. NiO‒6YO1.5 (NiO‒3YSZ) and NiO‒16YO1.5 (NiO‒8YSZ) are also provided (from the 

results presented in Chapter 4). The samples have a porosity of ~10%. The t'-zirconia based 

supports have around 45% higher toughness compared to the NiO‒16YO1.5. The zirconia phase in 
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the latter has a cubic structure and a toughening effect is not expected, the reason why a 

significantly low toughness is observed. 

 

 

Fig. 2. Fracture toughness of NiO‒SZ supports measured at room temperature and 800°C. 

 

The room temperature fracture toughness of t'-zirconia based supports is lower than that of the 

NiO‒6YO1.5. This might suggest that the toughening effect in NiO‒6YO1.5 (i.e. transformation 

toughening) is higher than the toughening in the studied t'-zirconia based supports (ferroelastic 

toughening). A similar trend is observed by Krogstad and co-workers [8] who studied CeO2-TiO2 

co-doped zirconia samples (plain samples). The authors observed significantly higher fracture 

toughness in the compound which exhibited the stress-induced tetragonal to monoclinic phase 

transformation compared to the other compounds toughened by the ferroelastic domain switching.  
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Fracture toughness of t'-zirconia based supports remains unchanged from RT to 800°C, 

whereas a drop in the toughness of NiO‒6YO1.5 supports occurs. The reason for drop in fracture 

toughness of transformable tetragonal zirconia with temperature can be explained by the decrease in 

the extent of transformation toughening, as discussed in detail in Chapter 4. The ferroelastic 

toughening is on the other hand temperature invariant [9]. The fracture toughness of t'-zirconia 

based support at 800°C is approximately 15% higher than its tetragonal zirconia based counterpart. 

The high fracture toughness of the t'-zirconia based support compared to the cubic zirconia 

based one, the temperature independency of the toughness, as well as the high tetragonality of the t' 

phase suggest the ferroelastic toughening as the effective toughening mechanism in the new 

developed NiO‒SZ supports. Microstructural and crystalline phase analysis of the fractured surfaces 

can provide further valuable information and should be considered in future studies on these 

systems.  

As observed in Chapters 4 and 5, metastable tetragonal zirconia based supports were highly 

susceptible to low-temperature degradation. On the other hand, an excellent low-temperature aging 

resistivity is reported for t'-zirconia ceramics [10,11]. As a result, the t'-zirconia based supports, in 

addition to possessing high fracture toughness comparable to the state-of-the-art, are promising 

candidates for alleviating the hydrothermal degradation issues of metastable tetragonal zirconia 

based supports.  
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Conclusions 

Previous studies have shown that toughening based on phase transformation can be less 

effective for use in high temperature applications such as solid oxide cells (SOCs) as it is dependent 

on temperature. In addition, transformation toughened materials are very sensitive to low 

temperature degradation which could be a challenge for use in SOCs through thermal cycling. In 

this study it has therefore been explored if the ferroelastic toughening mechanism of Ti-Y co-doped 

zirconia composites can be used for SOC supports. The results of this study can be summarized as 

follows: 

o In addition to the non-transformable tetragonal zirconia, two secondary phases: an 

yttrium titanium zirconium oxide phases and a zirconium titanium oxide phase were 

detected in Ti-Y co-doped zirconia compounds. The amount of secondary phases 

decreased by increasing the sintering time. On the other hand, the Ti-Ce co-doped 

zirconia compounds had predominantly a single t'-zirconia phase. 

o The room temperature fracture toughness of NiO‒Ti-Y co-doped zirconia compound 

with a zirconia phase having the tetragonality of 1.028 was determined as 2.6 MPa.m1/2. 

The toughness did not decrease at 800°C. This was explained by temperature 

independency of the ferroelastic toughening mechanism. The fracture toughness of 

NiO‒t'-zirconia was approximately 45% higher than the cubic zirconia based supports. 

Moreover, compared to the NiO‒6YO1.5-SZ (NiO‒3YSZ), the material developed in 

this study had ~8% lower toughness at room temperature, while ~12% improvement at 

800°C.  

o The new NiO‒Ti-Y co-doped zirconia is therefore at this stage considered as a very 

promising material for SOC supports, as the ferroelastic toughening mechanism is 
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temperature invariant and it is expected to remain stable at various conditions relevant 

for the production and operation of SOCs. The chemical stability of these materials is 

yet to be investigated further.  
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Introduction 

Ceramics are brittle materials. Such brittleness needs careful attention, for example when a 

porous ceramic with low thickness is desired, as it is the case of thin ceramic membranes and in 

solid oxide fuel and electrolysis cells [1–3]. Zirconia among other ceramics is one of the most 

interesting candidates as a structural material due to its excellent combination of fracture toughness 

and strength [4]. In addition to a considerable use in dense structures, zirconia and zirconia-

toughened materials are promising alternatives for use in porous thin ceramics, where a material 

with higher crack resistance is needed.  

Crack resistance is often described in terms of toughness, KIC, which represents the critical 

stress intensity factor at which fast fracture occurs. Nevertheless, the mechanical reliability of 

zirconia like many other oxide ceramics is affected by the Slow (sometimes referred as Subcritical) 

Crack Growth (SCG), which represents slow-crack propagation and thus delayed failure at stress 

intensity factors below the critical value for fast fracture (KIC). This influences the long term 

reliability and consequently the lifetime of the ceramic. The lowest stress intensity factor for the 

crack propagation is specified by KI0. Below this threshold, the crack propagation rate is considered 

to be zero. As a result, estimation of KI0 is besides KIC important in material selection for a given 

application [5,6]. 

SCG is especially promoted in water-containing environments, resulting from the interaction of 

water molecules with the material at cracks surfaces. This process has been studied in different 

environments containing water molecules, such as humid air, water and body fluid. The studies 

have focused mostly on dense systems [7–11]. The measured threshold intensity factor has reported 

to be considerably lower than the fracture toughness. For example, De Aza and co-workers [7] 

reported the fracture threshold of dense 3Y-TZP as approximately 44% less than their fracture 
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toughness. In other words, crack propagation can occur at stress intensity factors of 65% of the 

toughness in such ceramics, which shows the importance of having the full picture of the crack rate, 

V, versus applied stress intensity factor, KI (V-KI curves), including KI0, when using zirconia-based 

materials. However, works describing SCG in porous oxide ceramics are still rare in literature. 

Radovic and co-workers [12] investigated the slow crack growth behavior of porous Ni-8YSZ 

samples, and reported a decrease of the threshold intensity factor with porosity and temperature.  

For most oxide ceramics in their dense form, including zirconia and zirconia-toughened 

ceramics, the V-KI curves observed in air typically consist of three distinct stages and the threshold 

value (KI0) [5,13], as schematically shown with the curve a in Fig. 1.  

 

 

Fig. 1. Typical crack velocity versus stress intensity factor (V-KI) curves observed in air (a) and water (d). 

Increasing humidity and temperature of the environment will shift the first and second stages to higher crack 

velocities as schematically shown by curves (a) to (d). 
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In each stage, the relation between the crack velocity and stress intensity factor can be 

represented by a power law: 

𝑉 = 𝐴 𝐾𝐼
𝑛 (1) 

where A and n are slow crack growth parameters.  

The values of A, n and KI0 depend not only on the material but also on the type and 

concentration of corrosive agents and the temperature and their variation can lead to changes in the 

V-KI curves. For instance, for zirconia and zirconia-toughened ceramics it has been shown that 

increasing the concentration of water molecules and the temperature generally shift the first and 

second stages to higher crack velocities [10], as schematically illustrated in Fig. 1.  

Double torsion is a simple and powerful method to measure the fracture toughness and study 

the slow crack growth behavior of brittle ceramics. Using the double torsion method, the V-KI 

diagrams can easily be obtained through load relaxation experiments. Analytical calculation of a 

double torsion specimen indicates that the stress intensity factor is independent of crack size. 

However, unlike this basic assumption it has been shown that for an accurate determination of stress 

intensity factor crack length needs to be considered [14]. Different corrections are thus suggested to 

obtain a more accurate evaluation of the stress intensity factor, KI. Chevalier and co-workers [15] 

showed experimentally that the stress intensity factor is dependent on the crack length with the 

following equation: 

𝐾𝐼 = 𝐾𝐼(𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙) (
𝑎

𝑎0
)

𝛾

 (2) 

where KI(analytical) is derived from the analytical solution (introduced in the experimental 

section), and a0 and a are the notch and crack length, respectively. The γ value for a 2 mm thick 3Y-

TZP sample was obtained experimentally as 0.18 [15]. Using a three dimensional finite element 
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analysis (FEA), Ciccotti and co-workers [16,17] concluded that crack length and geometrical 

parameters should also be considered in the calculation of stress intensity factor. This was mainly 

attributed to the non-linear compliance to crack length relationship. A similar conclusion is also 

drawn by Becker and co-workers [18]. Application of these corrections has also been considered in 

later studies. Madjoubi and co-workers [19] reported that applicability of the analytical model, 

corrected model by Chevalier and Ciccotti are all restricted to specific geometries and a general 

correction cannot be applied. Becker and co-workers [18] compared the stress intensity factor 

obtained from finite element modeling with those calculated using Chevalier and Ciccotti’s 

corrections. It was concluded that the finite element values can up to 10% be overestimated and 

underestimated when employing Chevalier’s and Ciccotti’s corrections, respectively. The 

aforementioned studies indicate the importance of the samples’ geometry to the dependency of 

stress intensity factor on crack length and that the evolution of KI versus crack length should be 

assessed for any new sample’s geometry. 

In this work, application of the double torsion technique to study the slow crack growth 

behavior of thin porous zirconia samples was assessed. Three mol% yttria stabilized zirconia (3Y-

TZP) was selected, as it is one of the most studied tetragonal zirconia ceramics being material of 

interest for porous support in asymmetric ceramic membranes and the support layer of solid oxide 

fuel and electrolysis cells [1,20,21]. Slow crack growth behavior of porous samples, ranging from 

ca. 4.5 to 45% porosity with thickness of ca. 0.25 mm was investigated. Variation of fracture 

toughness and threshold stress intensity factor with porosity were also reported. 
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Experimental 

Sample preparation 

The samples studied in this work were prepared from commercial 3 mol% yttria doped zirconia 

(3YSZ) powders, (TZ-3YE, TOSOH Corporation) by tape casting [22,23]. The manufactured tape 

had a thickness of approx. 300 µm after drying, and was cut into different sheets. The green sheets 

were sintered for 15 h at different temperatures, i.e. 1060, 1200, 1300 and 1340°C. 

The sintered samples were laser cut to two sizes, i.e. 20×34 mm2 and 20×40 mm2. On all 

samples, a 500 µm width notch with a length of 10 mm was also laser cut. To obtain a sharp notch 

tip, the last two millimeters were cut with a V-shape (see Fig. 3a).  

Characterization 

Microstructure of the samples was examined using field emission scanning electron 

microscopy (FE-SEM, Merlin, Carl Zeiss, Germany). All the samples were polished and thermally 

etched at 50°C below their corresponding sintering temperature for 0.5 h, with heating and cooling 

rate of 8 °C/min, to reveal the microstructure. The sample sintered at 1060°C was thermally etched 

at 1150°C as the grain boundaries could not be delineated after etching at 1010°C. Grain size 

distribution and average grain size of the samples were estimated by measuring the size of 150 

grains of each sample.  

Crack length of the samples after relaxation tests was evaluated using electron and optical 

microscopy. Porosity of the specimens was measured considering their mass and geometric 

dimensions and the theoretical density of 3YSZ (6.05 gr/cm3). X-ray diffraction (XRD) was used to 

study the crystalline phase of the sintered samples.  
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Mechanical testing  

The V-KI curves were determined by the load relaxation method as first suggested by Williams 

and Evans [24]. The samples were loaded with a displacement rate of 0.6 mm/min. When the load 

(P) reached approximately 0.95 of the critical load (PIC), the crosshead was stopped. Under this 

constant displacement condition, the load relaxation occurs because of the crack propagation. The 

load-time data was monitored and used for the analysis.  

The stress intensity factor at the crack tip was first calculated using the analytical equation of 

the stress intensity factor for the double torsion specimen (without considering its variation with 

crack length) [24,25] 

𝐾𝐼 =
𝑃𝑊𝑚

𝑡2
(

3(1 + 𝜈)

𝑊𝜓(𝑡, 𝑊)
)

1
2⁄

              (3) 

where Wm is the moment arm, and W and t are the width and thickness of the specimen, 

respectively. ν is the Poisson ratio and 𝜓(𝑡, 𝑊) a thickness correction factor given by [26]: 

𝜓(𝑡, 𝑊) = 1 − 1.2604(𝑡
𝑊⁄ ) + 2.4(𝑡

𝑊⁄ )exp (−𝑊𝜋
2𝑡⁄ ) (4) 

Eq. 3 gives the stress intensity factor for a plane stress condition assuming that KI is 

independent of crack length. The applicability of this equation was then assessed experimentally on 

these specified samples. 

The compliance (C) of the double torsion specimen, defined as the ratio of the specimen 

deflection (Δ) to the load, was obtained for samples with different porosities from the slope of load-

displacement curves at different crack lengths.  

The initial analysis of double torsion, as proposed by Williams and Evans [24] considers that 

the compliance is a linear function of crack length (a)  
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𝐶 =
𝛥

𝑃
= 𝐵𝑎 + 𝐷 (5) 

where B and D are constants depending on the material and geometry. Theoretical analysis of 

the compliance of double torsion specimens gives the following analytical expression for B: 

𝐵 =
3𝑊𝑚

2

𝐺𝑊𝑡3𝜓(𝑡, 𝑊)
 (6) 

where G is the shear modulus.  

Compliance versus crack length curves were therefore experimentally obtained for the samples 

with different porosities, to check if they followed a linear behavior. 

During a load relaxation tests, the crack growth rate, V, can be determined using the 

compliance analysis. If the compliance follows Eq. 5, the crack velocity at constant displacement 

(Δ=const.) is derived as 

𝑉 = (
𝑑𝑎

𝑑𝑡
)

∆
= −

𝑃𝑖,𝑓

𝑃2
[𝑎𝑖,𝑓 + 𝐷

𝐵⁄ ] (
𝑑𝑃

𝑑𝑡
)

∆
 (7) 

In Eq. 7, Pi,f and ai,f are the load and crack size, respectively in the initial (i) or final (f) stages. 

Use of final values is usually preferred, as the initial crack length might not be accurately 

determined due to the possible crack propagation at the end of the loading stage before the 

relaxation experiments [19]. P and (
𝑑𝑃

𝑑𝑡
)

∆
are determined from the load-relaxation experiments. 

The fracture toughness of samples was obtained by performing the tests using a fast 

displacement rate (6 mm/min) in N2 atmosphere. Moreover, the apparent toughness of samples was 

also determined at different displacement rates, ranging from 0.1 to 6 mm/min in ambient 

environment. 
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Results and discussion 

Characteristics of the samples 

The dimensions, porosity and average grain size of the samples are summarized in Table 1. 

The samples are denoted as 3Y-TZP-X, where X represents the average porosity. The XRD patterns 

of the samples sintered at different temperatures showed that the materials are all in the tetragonal 

crystalline form.  

 

Table 1  

Dimensions, porosity, and grain size of specimens. 

Sample name 

Sintering 

temperature 

[°C] 

Porosity 

[%] 

Length × Width 

[mm2] 

Thickness 

[µm] 

Grain size 

[nm] 

3YSZ-4.5% 1340 4.5 (1) 
34 × 20 261 (4) 

238 (84) 
40 × 20 279 (4) 

3YSZ-8% 1300 8 (1.5) 34 × 20 262 (2) - 

3YSZ-25% 1200 25 (1) 34 × 20 237 (5) - 

3YSZ-45.5% 1060 45.5 (1) 34 × 20 310 (7) 40 (10) 

The numbers in parentheses show the standard deviation 

 

SEM micrographs of the 3Y-TZP-45.5% and 3Y-TZP-4.5% and, presented in Fig. 2, show the 

very small grain size of the sintered materials. 3Y-TZP ceramic with a fine grain microstructure can 

be considered as a brittle polycrystalline material and shows R-curve behavior only over very small 

crack lengths (5-10 µm) [27,28]. Consequently, the effect of the R-curve behavior on the V-KI 

curves evaluated in this work can be neglected.  
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Fig. 2. SEM micrographs of the polished and thermally etched samples (a) 3Y-TZP-45.5% and (b) 3Y-TZP-

4.5%. 

 

Fig. 3a, b illustrates the notch tip and the crack propagated from the notch after a load 

relaxation experiment carried out on 3Y-TZP-25%. The notch radius is approximately 50 µm. Fig. 

3c shows the SEM micrograph of the crack tip. 

(a)

(b)
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Fig. 3. SEM (a) and optical (b) microscopy images of the notch tip and the propagated crack through a load-

relaxation experiment in 3Y-TZP-25%; the crack tip is shown by the arrow (c). 

 

Compliance analysis 

The results of the compliance analysis for samples with different porosities and 34 mm lengths 

are shown in Fig. 4. For comparison, the compliance analysis of sample with 4.5% porosity was 

also done on specimens with 40 mm length, and the results are presented in Fig. 4. As seen, 

variation of the compliance of all the porous 3Y-TZP samples with crack length can, to a very good 

approximation, be considered linear (for each nominal porosity, 3-4 samples were tested). Table 2 

(a)

(c)

(b)
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presents the experimental B and D values, together with the theoretical values of B calculated based 

on the Eq. 6 and elastic properties of porous 3Y-TZP [29]. The experimental and theoretical B 

values are in a good agreement. In addition, it is noticed that the value of D increases with porosity 

and that for the 3Y-TZP-4.5%, the D value is larger for the longer specimen. Although the average 

thickness of the samples at different porosities is different, the trend in increasing the value of D can 

be attributed to the decrease in the stiffness of the specimens, by increasing porosity and length. 

This, results in a larger deflection (Δ) at a given load.  

 

 

Fig. 4. Compliance versus crack length of samples with different porosity and length. 
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Table 2  

Results of the compliance analysis for samples with different porosities and dimensions. 

Sample name Length [mm] 
Experimental B 

[N-1] 

Experimental D 

[mm/N] 

Theoretical B 

[N-1] 

3YSZ-4.5% 
34  8.2 × 10-3 5.2 × 10-3 8.17 × 10-3 

40  6.9 × 10-3 1.95 × 10-2 6.69 × 10-3 

3YSZ-8% 34 8.3 × 10-3 1.93 × 10-2 8.94 × 10-3 

3YSZ-25% 34  2 × 10-2 5.44 × 10-2 1.98 × 10-2 

3YSZ-45.5% 34  2.01 × 10-2 1.89 × 10-1 1.59 × 10-2 

 

 

Fracture toughness and toughening effect 

Fracture toughness of the 3Y-TZP samples at different porosities measured at room 

temperature is presented in Table 3. The toughness of 3YSZ-4.5% is slightly lower than the value 

reported for a dense 3Y-TZP (6.1 MPa.m1/2) [10]. Also, the toughness of the samples with higher 

porosities is significantly lower. In addition to the effect of porosity, the lower fracture toughness 

can be a consequence of the very small grain sizes of the studied samples, where there is a lower 

tendency of the tetragonal grains to transform to the monoclinic phase.  

Fracture toughness of 3Y-TZP-8% at 800°C was measured as 1.62 MPa.m1/2, approximately 

60% lower than the room temperature value (3.95 MPa.m1/2).  

Fracture toughness of a dense 8YSZ (>98% of theoretical density) having the grain size of 8 

µm, measured by the double torsion method, has been reported as 1.61 MPa.m1/2 [30]. This is lower 

than the measured toughness of the studied 3Y-TZP samples having up to 25% porosity. In a 

tetragonal zirconia ceramic, the transformation toughening mechanism is facilitated if the size of 
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grains is closer to the critical grain size for the tetragonal to monoclinic phase transformation. For a 

dense 3Y-TZP, this critical grain size is approximately 1 micron [31] (though higher values are also 

reported in literature [32]. Increasing porosity will usually lower the critical grain size due to the 

lower degrees of strain energy. Furthermore, in a porous material the tetragonal grains can easier 

undergo the stress induced transformation resulting from the lower stiffness of the neighboring 

matrix [33]. Thus, the tetragonal to monoclinic phase transformation in a porous material can 

probably happen at lower ranges of grain size. This might suggest the transformation toughening as 

an effective mechanism even in the fine grained samples studied in this work. Consequently, the 

observed decrease in the fracture toughness at 800°C can be explained. Nevertheless, detailed 

crystalline phase analysis of the fractured surfaces is required to confirm this hypothesis.  

The apparent toughness of the samples at different porosities, measured at ambient air with a 

displacement rate of 0.6 mm/min is also provided in Table 3. 

 

Table 3  

Fracture toughness, apparent toughness (measured in ambient air with a displacement rate of 600 µm/min) 

and slow crack growth parameters of the samples at different porosities.  

Sample name 
Fracture toughness 

(MPa.m1/2) 

Apparent toughness 

(MPa.m1/2) 

Slow crack growth 

parameters 

n A 

3YSZ-4.5% 4.27 3.94 32.8 1.1 × 10-20 

3YSZ-8% 3.95 3.74 24.8 1.2 × 10-16 

3YSZ-25% 1.93 1.68 41.1 4.9 × 10-13 

3YSZ-45.5% 0.71 0.58 29.3 2366 
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Slow crack growth behavior 

Fig. 5 shows typical load relaxation curves for the studied samples. Having very thin and 

porous specimens, the measurements entailed working on small loads (in the range of ≈ 0.5-2.5 N) 

and monitoring very small load drops (≈ 0.1-0.7 N) under the relaxation.  

 

 

Fig. 5. Typical load relaxation curves obtained in this work.  

 

V-KI curves for samples with different porosities are shown in Fig. 6. The typical three-stages 

SCG behavior of zirconia ceramics in air is distinguishable in the V-KI curve of the 3Y-TZP-4.5%. 

The second stage occurs at the crack velocity of approximately 5×10-4 m/s. 3Y-TZP-8% also shows 

the three typical stages but with a very narrow second stage. For 3Y-TZP-25% and 3Y-TZP-45.5% 

samples, however, only one stage is seen in the crack velocity range of 10-6-10-3 m/s.  
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Fig. 6. V-KI curves for the samples having different porosities.  
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Crack propagation in the first stage of the V-KI diagram (curve a, Fig. 1) is basically controlled 

by the rate of reaction between the corrosive molecules and chemical bonds of the ceramic at cracks 

tips. This stage is highly affected by the chemical concentration, temperature and applied stress. 

Stage II, corresponds to the state where the crack growth is controlled by diffusion of corrosive 

species to the crack tip. Here, the crack velocity is basically constant. Stage II connects stage I to 

the stage III, where the crack velocity increases rapidly with the applied stress. The crack 

propagation rate in the third stage is usually more than the transport rate of corrosive species to the 

crack tip. Consequently, the separation of crack surfaces happens without a necessary interaction of 

reactive species with ceramic bonds. This is similar to the crack propagation without the presence of 

corrosive species, such that region III can be approximately corresponded to the fast fracture (KI = 

KIC).  

Chevalier and co-workers [10] reported the slow crack growth behavior of dense 3Y-TZP in 

ambient air and water. In air, the typical trimodal behavior was observed, and the second stage 

occurred at the crack velocities of around 10-4 m/s. In water, however, only one stage was seen, 

with a slope close to the slope of the first stage obtained in ambient air. The reason can be explained 

considering that the transfer of water molecules to the crack tip is increased at higher concentration, 

indicating that the water molecules can interact with the crack tip even at higher crack propagation 

rates. Accordingly, the second stage shifts to higher crack velocities, as seen in Fig. 1. In liquid 

water, in particular, the water molecules can diffuse and interact with the ceramic bonds even at 

very high crack velocities. 

In this work, a similar trend was observed while increasing porosity. In the 3Y-TZP-4.5% and 

3Y-TZP-8%, the second stage occurred at higher crack velocities than a dense sample (10-4 m/s), as 

water molecules have easier access to the adsorption sites at the crack tip. In 3Y-TZP-25% and 3Y-

TZP45%, only one stage was observed, as due to the high porosity of the materials, providing a full 
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percolation, the corrosive species can always reach the crack tip, without any crack rate limitation 

even in air. 

Fig. 7 shows the V-KI curves obtained from the successive relaxation tests for samples with 

different porosities. For each porosity, the successive relaxation tests were carried out on the same 

sample. For the 3Y-TZP-4.5% and 3Y-TZP-8%, a clear shift to lower intensity factors and higher 

crack velocities is observed. This indicate the clear dependency of stress intensity factor on the 

crack length, even in the very thin samples studied in this work (t : W : L ≈ 1 : 75 : 130). The 

disparity between the two V-KI curves reduces for the samples with higher porosities, i.e. 3Y-TZP-

25% and 3Y-TZP-45%. 

The dimension ratios of the samples investigated in this work are very different from those 

studied by Ciccotti and co-workers. Applying the Ciccotti’s correction would thus require 

extrapolation to very long ranges, which is not recommended by the authors. Here, we followed the 

strategy proposed by Chevalier and considered variation of KI versus a given by Eq. 2, but with an 

experimental re-evaluation of the γ component. The corrected V-KI curves are accordingly 

presented in Fig. 7. For each porosity, an exponent providing the best result in reunifying the 

different curves was determined. The exponent for 3Y-TZP-4.5%, 3Y-TZP-8%, 3Y-TZP-25% and 

3Y-TZP-45.5% was concluded as 0.22, 0.21, 0.1 and 0.08, respectively. As seen, the empirical 

correction primarily obtained by the authors for samples with dimensions of t : W : L ≈ 1 : 10 : 20 

can be applied for the porous samples studied in this work, after a modification in the value of 

exponent. That is, by increasing porosity a lower exponent value is required for the reproducibility 

of successive V-KI curves.  
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Fig. 7. V-KI curves for successive relaxation tests in (a) 3YSZ-45.5%, (b) 3YSZ-25%, (c) 3YSZ-8% and (d) 3YSZ-4.5%, without (top) and with 

(bottom) correction.   
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The slow crack growth parameters (n and A) were determined for the first stage of the V-KI 

curves of 3Y-TZP-4.5% and 3Y-TZP-8% and the entire V-KI curves of 3Y-TZP-25% and 3Y-TZP-

45.5%. The results are presented in Table 3. The value of n for the 3Y-TZP-4.5% is close to the 

reported value for a dense 3Y-TZP [10]. 

The fracture threshold KI0 for 3Y-TZP samples were estimated by extrapolating the first stage 

of the corresponding V-KI curves to the crack velocity of 10-10 m/s. Fig. 8 presents the fracture 

threshold and toughness of the samples at different porosities.  

 

 

Fig. 8. Fracture toughness and threshold of 3Y-TZP samples as a function of porosity.  
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Conclusions 

  In this work, slow crack growth behavior of thin (~0.25 mm) and porous 3Y-TZP samples, 

having a porosity range of ~4.5 to 45%, were studied. The fracture toughness, fracture threshold 

and slow crack growth parameters of the samples were determined.  

The compliance of the specimens at the studied porosities was concluded to be a linear 

function of crack length. This made it possible to study the slow crack growth using the compliance 

of the sample and simple analytical methods. 

The V-KI curves of the samples with 4.5% porosity exhibited the typical trimodal SCG 

behavior. With increasing porosity, the length of the second stage decreased and occurred at higher 

crack velocities. In samples with 25% porosity and higher, only one stage was observed.  

Moreover, the results of this study showed that even in very thin samples (t : W : L ≈ 1 : 75 : 

130) the stress intensity factor measured by the double torsion method was dependent on the crack 

length. This dependency however decreased with increasing porosity of the samples.    
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Chapter 8 ‒ Concluding remarks and suggestions for future studies 

In this work an improvement of the fracture toughness and strength of the metastable tetragonal 

zirconia based SOC supports was achieved by tailoring the type and concentration of stabilizers in 

the zirconia phase of the supports. Improvement of the mechanical properties was achieved both at 

room temperature and in temperatures and atmospheres relevant for the operation of SOCs. 

Moreover, it was found that the low- and high-temperature aging of the materials is an issue, as it 

negatively influences the mechanical stability of the system. To improve the resistance to 

degradation, co-doping with Ce-Y, instead of using solely Y as the stabilizer, was a promising 

alternative.  

The low-temperature aging of the samples revealed a significant technological point; the 

humidity content in the surrounding environment should be minimized during the cooling step in 

the sintering of the ceramics, storage of the material and upon thermal cycles. In particular, this is 

important when the tetragonal zirconia is exposed to steam containing reactants. 

Preliminary studies on developing zirconia based SOC supports using stable tetragonal zirconia 

(t'-zirconia) were also carried out in this work, aiming to benefit from the so-called ferroelastic 

toughening mechanism. The new supports showed promising fracture toughness, comparable to that 

of the state-of-the-art (NiO-3YSZ) material. This is significant because unlike NiO-3YSZ, the 

fracture toughness of t'-zirconia based supports is temperature invariant, and they are expected to 

have significantly lower aging susceptibility. The latter is in particular interesting as it alleviates the 

concerns on the low-temperature degradation of zirconia based supports. 

In a nutshell, the findings of this PhD project suggest two solutions for improving the 

mechanical properties and mechanical stability (which is directly related to the aging resistance) of 
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the SOCs supports. Firstly, co-doping with Ce-Y for metastable tetragonal zirconia based supports. 

Secondly, moving to t'-zirconia based supports. 

In this regard, the following investigations can provide additional insights for the further 

improvement of mechanical robustness of SOCs: 

1. Effect of grain size on the toughness: 

Increasing the grain size can result in a higher transformability of the material, and 

consequently higher fracture toughness. It however increases the aging susceptibility of the 

material. Considering the high aging susceptibility of yttria-doped zirconia, increasing the grain size 

of these supports is not recommended. On the other hand, the Ce-Y co-doped samples showed 

promising resistance to aging. It can therefore be advantages to try to modify the processing routes 

of the Ce-Y co-doped zirconia based supports to obtain zirconia phase with larger grain sizes. This 

might further enhance the fracture strength and toughness, while the supports keep their aging 

resistivity. 

2. Degradation of mechanical properties in metastable zirconia based supports: 

As observed, the fracture toughness of metastable tetragonal zirconia based supports decreased 

after aging at high temperatures. Interestingly the Ce-Y co-doped zirconia based supports developed 

in this study had a lower decrease in toughness compared to the state-of-the-art 3YSZ based 

supports. The reason for toughness degradation might originate from the isothermal tetragonal to 

monoclinic phase transformation, which is less pronounced in the co-doped material. However, a 

detailed study is required that incorporates thorough microstructural and crystalline phase 

characterizations. 
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3. Fracture toughness and of t'-zirconia based supports:  

Studying the fracture toughness of the Ti-Y co-doped based supports in the reduced state is 

also worth studying. Moreover, the Ti-Ce co-doped materials synthesized in this study had high 

tetragonality, which typically results in high fracture toughness. Thus it will be interesting to use 

these compounds to prepare SOC supports, and study their fracture toughness in reduced and 

oxidized states. A study on the effects of ceria reduction on the tetragonality and fracture toughness 

can also provide further insights.  

4. Low and high temperature aging of the t'-zirconia based supports: 

As the t'-zirconia have higher aging resistivity, studying the low and high temperature aging of 

the Ti-Ce and Ti-Y co-doped zirconia based supports is important. The results may confirm the 

expected high resistance to aging and thus further underline the potential of these systems as 

alternative to metastable tetragonal zirconia based supports. 

5. Ionic conductivity of the zirconia compounds: 

Another advantageous investigation would be to evaluate the ionic conductivity of the co-

doped metastable and stable tetragonal zirconia based supports introduced in this work. Considering 

the type and concentration of stabilizers it is possible that they have superior ionic conductivity 

compared to the 3YSZ based materials, in addition to their better mechanical properties and 

resistance to aging. This could also make them alternatives to the 3YSZ used as electrolyte in some 

electrolyte supported cells. 

 

 


	Main Text
	Changes
	Main Text
	Chapter 3 _ t-Zirconia
	Main Text
	Chapter 4 _ Toughness
	Main Text
	Chapter 5 _ Strength-LTD
	Main Text
	Chapter 6 _ Ferroelastic
	Main Text
	Chapter 7 _ SCG
	Main Text

