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Abstract 

This work attemps to give a unified picture of the microscopical mechanisms which control the 

plastic deformation in yttria stabilized cubic zirconia single crystals, particularly for the soft 

orientation (uniaxial compression along the  211  crystallographic axis) at low, intermediate and 

high temperatures while also reviewing and actualizing the existing data for different yttria 

contents (9,4-32 mol%). The controlling deformation mechanisms are: internal friction within the 

crystal lattice (Peierls mechanism at low temperatures), pinning of dislocations by localized 

obstacles and long-range interaction between dislocations (intermediate temperatures) and 

dislocation viscous glide and climb (recovery creep) at higher temperatures. New aspects of the 

Portevin le-Chatelier phenomenon during viscous glide, due to the pinning and unpinning of 

dislocations from their defect clouds (yttrium substitutional atoms), are included.  
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1. Introduction.  

Yttria fully stabilized zirconia (YFSZ) is an excellent ionic conductor and is used in applications 

such as solid fuel cells or oxygen detectors. The single crystals are used in jewellery due to their 

crystalline perfection as substitutes for diamond. YFSZ is also used as a matrix for composite 

material in structural/functional applications. Therefore the study of the single crystal mechanical 

properties provides the basis for revealing the deformation mechanisms operating in this system 

and related composites. Zirconium oxide is found in nature at room temperature with the 

monoclinic crystal structure, transforming to the tetragonal system at 1443 K and to the cubic 

system at 2643 K until melting at 2953 K. However, these phase transitions can be lowered to 

room temperature by doping zirconium oxide with a variety of stabilizers (yttria or other 

transition and rare-earth oxides). Doping with 3 mol% yttria, for instance, gives the well-known 

YTZ tetragonal-stabilized-zirconia, where tetragonal phase exists at room temperature. 

Concentrations of yttria above 8 mol% results in yttria fully stabilized zirconia (YFSZ), which 

retains the cubic structure at room temperature. The different phases and the different degree of 

stabilization are the cause of the various phenomena encountered in the yttria-zirconia system: 

precipitation hardening and softening and solid-solution hardening. Each of these is characterized 

by a different microscopic controlling deformation mechanism, mainly interaction of dislocations 

with precipitates, mobile defects or defect clusters [1]. 

This work reviews the plastic deformation mechanisms in single crystalline YFSZ in a wide 

temperature range, mainly for the soft orientation, and covers aspects that have not been treated 

in previous reviews concerning the modelling of dynamic instabilities (PLC effect).  

 

2. Experimental 

The single crystals provide an insight on the plastic deformation mechanisms in terms of slip 
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systems and dislocation activity. Uniaxial compression studies on samples with different 

crystallographic orientations have been extensively used to assess the different slip systems at a 

large range of temperatures. These tests have systematically been performed on parallelepipeds 

cut in specific orientations in order to activate different slip systems and to create and study 

dislocation activity. At low temperatures, special compression tests were carried out in confining 

pressure [2,3] to prevent fracture of the samples. At intermediate and high temperatures, 

conventional uniaxial compression tests were used. Two methods, constant crosshead speed and 

stress relaxation tests, have been used to obtain the strain-rate sensitivity (m). Creep tests have 

been performed to estimate the stress exponent (n=1/m) and activation energy (Q) of the 

deformation process, using the constitutive creep equation which relates strain-rate to stress and 

temperature as follows: 
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where  is the steady-state strain-rate, A is a constant which accounts for the microstructural 

aspects (its value depends on the shear modulus, the Burgers vector and the preexponential term 

of the diffusion coefficient of the deformation-controlling species),  stands for the applied 

stress, Q is the corresponding activation energy, n the stress exponent, k is the Boltzmann 

constant and T the absolute temperature. The combination of Q and n can be used to determine 

the deformation mechanism controlling creep. 

 

Microstructural characterization of the as-received samples and of samples deformed in different 

conditions followed. Transmission electron microscopy (TEM) has been the most useful and 
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most powerful technique capable of giving an insight into the dislocation structure, the clue to the 

microscopic deformation mechanisms. Preparation of thin foils for TEM has been achieved by 

conventional techniques for ceramic materials involving mechanical polishing followed by Ar ion 

thinning.  

 

3. Slip systems and deformation mechanisms 

The stress-strain behaviour of cubic zirconia single crystals depends strongly on temperature, 

activated slip plane and dopant concentration. The brittle-to-ductile transition temperature has 

been estimated between 1273-1473 K for uniaxial compression tests [4]. Since YFSZ has the 

fluorite structure, comparisons between slip systems of both CaF2 and YFSZ at different 

temperatures were made in first approaches, showing great similarity [1,5]. The glide direction is 

<110> and the easiest slip plane is {100} in most cases. The primary (001)<110> slip system is 

activated, at both low and high temperature, when the compression axis is coincident with the 

 211  crystallographic direction, or “soft” orientation. This has been explained in terms of 

dislocation theory [6]. 

 

3.1. Low temperature range (500-800 K)  

Samples deformed at low temperatures exhibit long pinned screw dislocations and screw dipoles. 

The pinning is attributed to the abundant defect clusters existing in stabilized ZrO2.  

The elastic approach cannot explain the behaviour at low temperatures and up to the brittle-

ductile transition, where dislocation glide is controlled by Peierls potential (lattice friction) and 

the above mentioned obstacles [7]. Though there are no straight dislocation segments arranged in 

preferred crystallographic orientations, typical of the Peierls mechanism, the fact that bowed-up 
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dislocations do not relax after unloading hints to a strong friction and therefore to a Peierls 

mechanism. The Peierls stress has been roughly estimated in 4500 MPa while the kink energy 

(also characteristic of the Peierls mechanism) has been found to be 0.9 eV [8]. However, a 

standard or simplified Peierls model cannot not account for the temperature dependence of the 

Peierls stress with temperature, nor can it explain the reason why {100} and {111} slip are 

preferred over {110} slip. These facts are the consequence of more complex electrostatic 

phenomena at the dislocation core [6]. 

 

3.2. Intermediate temperature range (800-1450K) 

In this range, a transition from the intrinsic lattice friction below 900K to an extrinsic mechanism 

controlling the dislocation motion at temperatures above that temperature occurs. The main glide 

plane of the samples deformed along  211  at intermediate temperatures is also the primary glide 

plane (001) [9], the same as for low temperature. The deformation is localized in narrow slip 

bands separated by nearly dislocation-free regions. Most dislocations are of screw character, in 

accordance with low-temperature deformation under hydrostatic pressure [2]. However, these 

screw dislocations are strongly pinned, their zig-zag shape due to the action of localized 

obstacles. Some of the pinning agents have been identified as jogs of screw dislocations. 

 

Above 900K, a quite high kink density has been found along the dislocations, indicating the 

Peierls mechanism does not control the dislocation mobility in this range. At higher temperatures, 

anomalous cyclic fast yield drops (serrations) were observed in the stress-strain curves [10]). The 

very low values of the strain-rate sensitivity encountered during this anomalous behavior lead to 

the conclusion that athermal processes dominate around 1423K. In situ straining experiments 
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carried out at the same temperature in a transmission electron microscope did show that 

dislocations form instantaneously and move very fast [11]. Since overcoming of localized 

obstacles was not been observed in these in-situ straining experiments, the existence of serrations 

was explained by rapid dislocation multiplication and their fast passage through the crystal.  

 

3.3. High temperature range (1450 -1800K) 

 

The dependence of yield stress with dopant concentration has been systematically studied in the 

high temperature range and can be seen in Figure 1 for samples uniaxially compressed along 

 121  crystallographic axis (easy glide) at 1673 K.  

 

Yield stress increases with dopant concentration, reaches a maximum at 21 mol % yttria and then 

remains constant. Yield drops observed in the curves are indicative of activation of secondary 

{111} slip systems. Serrated flow at maximum yield stress has been attributed to Portevin le 

Chatelier effects (dynamic strain ageing), a process characterized by the locking and unlocking of 

dislocations from their defect clouds. This phenomenon occurs when the diffusion rate of the 

defects (in this case the substitutional yttrium atoms) is comparable to the glide velocity of the 

dislocations; that is the reason why it has only been observed for very particular conditions of 

strain and temperature, for samples between 15 and 32 mol% yttria [10, 12-14]. 

 

Samples deformed at high temperatures contain a majority of edge dipoles, which can also turn 

into prismatic loops by climb or cross-slip [4]. Secondary slip in {111} is activated after a small 

percentage of deformation, and finally, as deformation increases, a three dimensional dislocation 
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network (dislocation forest) is created. This high temperature dislocation structure comes from 

the equilibrium between dislocation generation and recovery due to dislocation annihilation. 

During recovery, prismatic loops can shrink by climb requiring the emission-absorption of point 

defects by means of volume diffusion. Cationic diffusion coefficients have been measured as a 

function of temperature with various methods: self diffusion, creep and dislocation loop 

annealing (measuring loop shrinkage of individual loops). The results point to zirconium 

diffusion as the rate controlling mechanism for matter transport in YFSZ [4]. 

 

The results of uniaxial compression tests in the high temperature range are shown in Figure 2, 

which plots strain rate versus the inverse of temperature for several yttria concentrations: 21, 24, 

28 and 32 mol%. The values have been normalized to a stress of 100 MPa using the values of 

stress exponent and activation energy obtained in the creep tests. A change on the deformation 

mechanism has been reported at a temperature around 1723 K [15-16]. The results have been 

explained by a model developed by Burton in which plastic deformation is controlled by two 

sequental mechanisms: viscous glide of dislocations followed by dislocation annihilation 

(recovery) by climb. The slowest process controls strain-rate in each regime. At temperatures 

above 1723 K, climb would be the mechanism controlling the plastic behaviour, with many 

dislocations perpendicular to the (001) and activation energies between 5 and 6 eV, while at 

temperatures below 1723 K glide of dislocations is the deformation controlling mechanism, with 

higher activations energies. Typical values for n and Q from creep tests are summarized in Table 

1. 

 

The origin of the low dislocation glide mobility has been attributed to the strong dislocation-point 

defect interaction due to the size effect produced by the substitutional dopant yttrium atoms. The 
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defects form Cottrell clouds which constraint dislocation mobility. The velocity due to diffusion 

of these defects relative to the velocity of moving dislocations plays a fundamental role [17]. 

When both point defects and dislocations move at comparable rates, episodes of pinning and 

unpinning of dislocations from their Cottrell clouds occur. This is known as the Portevin - le 

Chatelier (PLC) phenomenon, and it is characterized by rapid oscillations of stress (sudden stress 

drops or “serrations” in stress-strain plots). The Portevin - le Chatelier effect is more likely to 

occur in samples with high yttria concentrations (>15 mol%) and was first suggested by 

Gallardo-López et al [18] as an explanation to the serrated yielding observed during plastic 

deformation, which was previously attributed to a synergy between multiplication yield points 

and thermomechanical softening [19]. An experimental study on such plastic stabilities is also 

reported by Tikhonovsky et al [14], and more detailed studies on the subject have been carried 

out [12-13] where the diffusing species responsible for the PLC have been unambiguously 

identified as solute yttrium atoms, based on numerical estimations of the waiting time of 

dislocations (time while dislocations remain pinned) and the diffusion time of yttrium atoms, 

which were found to be comparable and thus representing optimal conditions of PLC instabilities. 

The frequency and amplitude of the oscillations and the sudden decay of the strain-rate sensitivity 

are also characteristic of PLC phenomena. The numerical check was based on the standard model 

for dynamic strain ageing and the PLC effect developed by Estrin and Kubin [20], and the 

detailed calculus and values assumed for the case of YFSZ can be found in [12]. 

 

During dislocation climb, significant dislocation recovery takes place. In the higher temperature 

regime, the increased creep resistance (lower strain rates Figure 2) of the material with higher 

yttria content can be explained in terms of a reduced recovery caused by the decrease of the 

cation diffusion coefficient.  
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4. Conclusions  

The deformation mechanisms for plasticity in YFSZ single crystals when deformed in the soft 

orientation are governed by the Peierls stress at low temperatures, interaction of dislocations with 

point defects at intermediate temperatures and a competition between viscous glide of 

dislocations dragging yttrium defects and climb (recovery creep) at high temperatures. 

During the viscous glide regime, PLC phenomena of pinning and unpinning of dislocations from 

their defects can take place giving rise to dynamic instabilities in the stress-strain curves. This 

happens when the waiting time of dislocations is of the same order than the diffusion time of the 

defects. 

 

The authors would like to acknowledge the financial support awarded by the Spanish “Ministerio 

de Educación y Ciencia” through the research projects MAT2009-14351-C02-01 and  MAT2009- 

11078, and by the excellence project 337 FQM from the Junta de Andalucía.  

 

5. References. 

[1] A. Domínguez-Rodríguez, K.P.D. Lagerlöf, A.H. Heuer: J. Amer. Ceram. Society 69 (1986) 

281.  

[2]  P. Teracher, H. Garem, J. Rabier, in: Terpstra et al (Eds.), Eng. Ceramics, Euroceramics 3, 

Elsevier (1989) 3334. 

[3] P. Teracher: Ph.D. Thesis, Poitiers (1990). 

[4] D.S. Cheong, A. Domínguez-Rodríguez, A.H. Heuer: Phil. Mag. A 63-3 (1991) 377. 

[5] A. Muñoz, A. Domínguez-Rodríguez, and J. Castaing: Rad. Effects and Defects in Solids 

137, (1995) 213.  



 10 

[6] A. Domínguez-Rodríguez, A. H. Heuer, J. Castaing: Rad. Effects and Defects in Solids 119-

121, (1991) 759.  

[7] P. Teracher, H. Garem, J. Rabier, in: D.G. Brandon, R. Chaim, A. Rosen (Eds) Strength of 

Metalls and Alloys, Freund publ. London (1991) 217.  

[8] B. Baufeld, B.V. Petukhov, M. Bartsch, U. Messerschmidt: Acta metall. mater. 46 (1998) 

3077. 

[9] B. Baufeld, M. Bartsch, U. Messerschmidt, D. Baither: Acta metall. mater.43-5 (1995) 1925. 

[10] U. Messerschmidt, B. Baufeld, K.J. McClellan, Heuer: Acta metall. mater. 43-5 (1995) 

1917 

[11] D. Baither, B. Baufeld, U. Messerschmidt, M. Bartsch: Mat. Sci.& Eng. A 233 (1997) 75. 

[12] A. Gallardo-López, D. Gómez-García, A. Domínguez-Rodríguez, L. P. Kubin: Scripta 

mater. 51 (2004) 203. 

[13] A. Gallardo-López, D. Gómez-García, A. Domínguez-Rodríguez, L.P. Kubin: Bol. Soc. Esp. 

Ceram. V. 44 -5 (2005) 294. 

[14] A. Tikhonovsky, M. Bartsch, U. Messerschmidt: Phys. Stat. Sol. (a) 201-1 (2004) 46. 

[15] D. Gómez-García, J. Martínez-Fernández, A. Domínguez-Rodríguez, P. Eveno, J. Castaing: 

Acta mater. 44 (1996) 991.  

[16] D. Gómez-García, J. Martínez-Fernández, A. Domínguez-Rodríguez, J. Castaing: J. Am. 

Ceram. Soc. 80-7 (1997) 1668. 

[17] A. Gallardo-López, D. Gómez-García, A. Domínguez-Rodríguez: J. Eur. Ceram. Soc. 23/13 

(2003) 2183. 

[18] Á. Gallardo-López, D. Gómez-García, J. Martínez-Fernández, A. Domínguez-Rodríguez: 

Scripta Mater. 48 (2003) 1295. 

[19] K.J. McClellan, A.H. Heuer, L.P. Kubin: Acta Metall. 44 (1996) 2651. 



 11 

[20] Y. Estrin Y, L. P. Kubin in: H.B. Mülhaus (Ed.), Continuum models for materials with micro-

structure, Wiley and Sons, New York (1995) 395.  

 

Correspondence address 

 

Dr. Ángela Gallardo López 

Dpto. Física de la Materia Condensada, Apdo 1065, 41080 Sevilla (Spain) 

Tel: +34 954 55 44 48 

Fax: +34 954 55 2870 

Email:angela@us.es 

 



 12 

List of figures and table captions 

 

Table 1: Activation energy, Q (eV), of the controlling microscopic deformation mechanism, and 

stress exponents n, for several compositions (dopant contents) and for the two temperature 

regimes encountered at high temperature. 

 

  

 Activation Energy Q (eV)  

mol% Y2O3 

Temperature (K) 9,4 21 24 28 32 

1673-1773 (glide*) 7.5 9.00.5 9.00.5 9.60.5 9.00.5 

1773-1973 (climb*) 5.5 5.70.4 5.80.5 5.90.5 5.90.5 

 

 

Stress exponent (n) 

mol% Y2O3 

 9,4 21 24 28 32 

1673-1773 (glide*) 7.30.5 5.00.3 7.00.5 6.50.5 7.00.5 

1773-1973 (climb*) 4.50.4 3.20.4 4.50.5 4.90.5 4.80.5 

*Strain-rate controlling mechanism. 
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Figure 1: Stress-strain curves showing variation of yield stress for different yttria concentrations in 

YFSZ at 1673 K. Data collected from [17]. 
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Figure 2: Strain rate versus the inverse of temperature for various yttria contents (21, 24, 28 and 

32 mol%) showing the two deformation regimes with different values of activation energy Q. 

 


