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Abstract 

The catastrophic failure of yttria-stabilized zirconia implants due to low-temperature degradation 

(LTD) left incredulity on the use of YSZ in biomedical applications. It is reported that replacing 

yttria with ceria as a stabilizer in zirconia (ceria stabilized zirconia) prevents the LTD. However, 

ceria stabilized tetragonal zirconia (CSZ) possess poor mechanical properties like hardness and 

strength compared to yttria-stabilized tetragonal zirconia (3YSZ). The poor mechanical 

properties of CSZ are due to its large grain size. The grain growth of CSZ is due to the need for 

high temperature and longer times for sintering, and lack of proper grain growth restriction 

mechanism (segregation) like in 3YSZ.  

Present work deals with the study of the effect of Nb2O5 and Sm2O3 co-doping on the grain 

growth behaviour, mechanical properties, and tribological behaviour of CSZ. The low-

temperature degradation and biocompatibility of the developed systems are also studied. 

Nanopowders of Nb2O5 doped CSZ (NbCSZ) and Sm2O3 doped CSZ (SmCSZ) are synthesized 

using co-precipitation synthesis, and obtained powders are compacted using a uniaxial hydraulic 

press. The compacted samples are sintered in air atmosphere using a conventional single-step 

and two-step sintering schedules. The amount of Nb2O5 or Sm2O3 in CSZ, calcination 

temperature of powders and sintering schedules are optimized based on the phases present, 

density, microstructure and mechanical properties of the sintered sample. 

It is observed that Nb2O5 helped in decreasing the sintering temperature of CSZ, and Sm2O3 

suppressed the grain growth by segregating at the grain boundaries of CSZ. The two-step 

sintering process refined the microstructure in both the systems. The improved grain size of 1.57 

µm along with a hardness of 1175 HV10 and optimum fracture toughness of 6.2 MPa 

m1/2achieved for 1 mol % niobia doped ceria stabilized zirconia. The fine grain size of 0.64 µm 

with a high hardness of 1288 HV10 along with an optimum fracture toughness of 5.37 MPa 

m1/2is observed for Samaria doped ceria stabilized zirconia. 

The tribological properties of optimized NbCSZ, SmCSZ samples are evaluated using a pin on 

disc wear machine. The surface analysis of worn surfaces shown evidence of grain pull-outs, 

grain fracture and abrasion. The SmCSZ samples shown better wear resistance than NbCSZ and 

CSZ samples. 
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The accelerated aging study revealed no phase transformation in NbCSZ and SmCSZ even after 

200 hours of treatment, indicating high resistance to low-temperature degradation. The in vitro 

cell culture study on NbCSZ and SmCSZ using human osteoblast-like cells (MG-63) shown 

active proliferation and attachment of cells on samples indicating biocompatibility of the 

developed materials. 

Keywords: Ceria stabilized zirconia, Nb2O5, Sm2O3, Grain refinement, Tribological properties, 

Low-temperature degradation, In vitro study 
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Introduction 
 

Ceramics are non-metallic inorganic materials with a broad range of composition; they have 

many applications in all engineering disciplines (Hamadouche and Sedel, 2000). The word 

ceramic is derived from the Greek word keramos, meaning ‘pottery’, which intern derived from 

an ancient Sanskrit root, meaning ‘to burn’. Traditional ceramics are clay-based; domestic wares, 

art objects and building parts are examples of clay-based ceramics. Ceramics are usually 

prepared by the following process: mixing of constituent powders with water or binder, pressing 

of the powders to form the desired shape, pre-firing for binder removal and sintering at elevated 

temperature for full densification. Nowadays, ceramic has a broader meaning and includes glass, 

cement and advanced ceramics. Advanced ceramics are different from traditional ceramics, and 

they are not generally clay-based; instead, they are made up of various oxides or non-oxides 

(Metal oxides, borides, nitrides, carbides and silicates). A simple classification of advanced 

ceramics is shown in Fig. 1.1. 

 

Fig. 1.1: Classification of advanced ceramics (Kopeliovich, 2000). 

To be precise, a ceramic is defined as “a solid material comprising an inorganic compound of 

metal, non-metal or metalloid atoms held with ionic and covalent bonds” (Sabu et al., 2018). In 

general, ceramics possess high melting points, low electrical and thermal conductivity, high 
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compressive strength, high hardness, excellent thermal and chemical stability (M. N. Rahaman, 

2007). 

Nowadays, ceramics have found wide applications from domestic tiles to advanced microchips. 

Ceramics are also playing a vital role in biomedical applications because of their properties like 

corrosion resistance, wear-resistance and biocompatibility (Abd El-Ghany and Sherief, 2016; 

Hamadouche and Sedel, 2000; Piconi et al., 2003; Piconi and Maccauro, 1999; Ramesh et al., 

2012). 

1.1 Ceramics as biomaterials: 

Biomaterials are defined as “Non-viable materials, which are intended to interact with biological 

systems” (Williams, 1987), a class of ceramic materials that satisfies the requirements of 

biomaterial are known as bioceramics. The use of bioceramics in clinical practice as an implant 

material for dental started in 18th century with the use of porcelain for dental crowns, and as bone 

filling material for orthopaedics in late 19th century with the use of calcium sulfate dihydrate 

(gypsum). From the beginning of the 20th century, rapid developmentin ceramic technology 

introduced several advanced ceramics for biomedical applications as represented in Fig. 1.2. In 

1920 tricalcium phosphate (TCP) was proposed as a bioresorbable material to fill bone gaps and 

in 1970, alumina was used in load-bearing orthopedics. Later TCP and alumina were replaced by 

synthetic calcium phosphate and zirconia respectively because of their improved properties.  

In 1970, alumina was introduced as an alternative to metallic implants in loadbearing 

orthopaedics due to its high hardness, wear resistance, low coefficient of friction, excellent 

corrosion resistance, and high chemical stability (Piconi et al., 2003). However, intrinsic 

brittleness and higher fracture rate of alumina ceramic have a limited range of applications, and it 

is only suitable where mechanical load-bearing capabilities are less stringent (Higuchi et al., 

1995). Zirconia-based ceramics were introduced to overcome the problem of alumina’s 

brittleness and the consequent limitations in its use as a biomaterial. A unique combination of 

wear and frictional properties, crack resistance, biocompatibility and in vivo stability made 

zirconia an excellent choice as biomaterial (Piconi et al., 2006, 1998; Richter and Willmann, 

1999). 
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Fig. 1.2: Clinical uses of bioceramics(Dorozhkin, 2018). 
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1.2 Zirconia as bioceramic: 

Ceramic steel is the name given to the zirconia because of its high strength and toughness, unlike 

traditional ceramics that are hard and brittle (Garvie et al., 1975). Zirconia exists in the 

monoclinic phase at room temperature and can form tetragonal and cubic phases at high 

temperatures (Garvie and Nicholson, 1972). Volume change associated with phase 

transformation during cooling (results in crack generation) makes the sintering of pure zirconia 

difficult (Fabris et al., 2002). High-temperature phases (Tetragonal or Cubic) of zirconia can be 

stabilized at room temperature using suitable stabilizers like calcia, magnesia, yttria, ceria, 

etc.(Pereira et al., 2015; Pyda and Haberko, 1987; Vleugels et al., 2004). These stabilized 

zirconia ceramics show high toughness as they undergo transformation toughening. When a 

crack tries to propagate through stabilized zirconia, the grains in the vicinity of the crack undergo 

a stress-induced transformation from metastable tetragonal phase to stable monoclinic phase 

(Subbarao et al., 1974). This transformation is a diffusionless martensitic type, which is 

accompanied by a volume change (expansion) of about ∼ 4% results in compressive stress 

around the crack tip, thereby preventing crack propagation. 

Among all zirconia ceramics, yttria-stabilized zirconia (YSZ) ceramics were popular and widely 

used in biomedical applications because of their superior mechanical properties and 

biocompatibility. However, the orthopaedic implants' catastrophic failure events in-service 

condition reported in the year 2001 left incredulity on using YSZ as an implant material 

(Chevalier, 2006; Kohorst et al., 2012; Pereira et al., 2015). The fracture surfaces of failed 

zirconia implants have been studied by many researchers across the world (Haraguchi et al., 

2001; Hernigou and Bahrami, 2003) and found a remarkable increase of monoclinic content. 

Further investigations revealed that YSZ ceramics are sensitive to the moisture environment. 

Since then, aging resistance became a major priority for zirconia-based materials to use in 

biomedical applications (Chevalier, 2006). 

1.3 Catastrophic failure of YSZ implants: 

It is understood that, in the presence of moisture, YSZ can transform from the tetragonal phase to 

a stable monoclinic phase. The phase transformation involves volume expansion leading stresses 

developed, resulting in micro and macro cracks formation along the grain boundaries. The 

developed cracks allow water to penetrate inside. Moreover, with the time of aging, 
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cracktransformationproceeded from the surface of the sample to the inside and causes implant 

failure; this phenomenon is known as Low-Temperature Degradation (LTD).  

1.4 Advantage of ceria as stabilizer over yttria: 

The susceptibility of zirconia ceramics to LTD majorly depends on grain size, stabilizer type and 

its concentration. Tsukuma et al. (Tsukuma et al., 1983), Watanabe et al. (Watanabe et al., 1983) 

reported that the decrease in grain size, increase in stabilizer content in YSZ improved the 

resistance to LTD but did not completely prevent the transformation. It is reported that replacing 

yttria with ceria as a stabilizer in zirconia (ceria stabilized zirconia) completely prevents the LTD 

and also improves fracture toughness (Matsumoto, 1988).  

1.5 Limitations of ceria stabilized zirconia: 

Though the ceria stabilized zirconia is highly resistant to low temperature degradation, it posses 

poor mechanical properties like hardness and strength compared to YSZ due to its larger grain 

size (Duh et al., 1988; Pandey and Biswas, 2011; Tsukuma, 1986; Tsukuma and Shimada, 1985). 

The grain growth of CSZ is related to its poorsinterability due to a lack of defects in its lattice 

(Pandey and Biswas, 2011). Hence, it requires a high temperature for successful sintering, which 

leads to large grain growth.  

The material used for load-bearing orthopaedic implants need to be wear-resistant, 

biocompatible, chemically stable, should possess good strength, hardness and toughness. It is 

known that the wear resistance of material majorly depends on its hardness, and hardness intern 

depends on composition, grain size, porosity etc. (Rainforth, 2004). To improve wear resistance 

and hardness of a specific ceramic material, one should control its grain size and minimize 

porosity. 

1.6 Improving the mechanical properties of ceria stabilized zirconia: 

It is understood that achieving full density with fine grain size is vital for ceria stabilized zirconia 

(CSZ) ceramics to improve mechanical properties. The Grain boundary migration and grain 

boundary diffusion are two major mechanisms during sintering of ceramics. Grain boundary 

migration mainly contributes to grain growth, and grain boundary diffusion contributes to the 

densification (Ferreira et al., 2012). To produce a dense and fine-grainedmicrostructure, one has 
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to suppress grain boundary migration and enhance the grain boundary diffusion. In principle, this 

can be achieved by the following two methods: 

First, the addition of suitable dopants which can inhibit grain boundary migration by changing 

boundary, lattice and surface diffusivities thereby decreasing the mobility of grain boundaries, 

and/or added dopant ions could segregate to the boundary and produces a drag force on boundary 

motion. Sometimes, if there is an excess amount of dopant (more than the solubility limit), it 

might form precipitates, and that can pin down the boundary and restricts its movement (Powers 

and Glaeser, 1998).Second, changing or altering the sintering schedule where grain boundary 

diffusion is active, but grain boundary migration is restricted, which helps to continue 

densification without significant grain growth, this can be done effectively by two-step sintering 

process (Lóh et al., 2016).  

1.7 Proposed work: 

Considering above discussed points, two different zirconia ceramics, i.e. Niobia doped ceria 

stabilized zirconia (NbCSZ), Samaria doped ceria stabilized zirconia (SmCSZ) were proposed 

and two types of sintering schedules were adopted for sintering, i.e., conventional single step 

(CSS) and Two-step sintering (TSS). In due course of material development, the mechanical 

properties like hardness, fracture toughness, tribological properties were also evaluated. 

As mentioned in earlier sections, the tetragonal stabilized zirconia is susceptible to ageing. 

Hence, the prior testing of newly developed zirconia ceramics for ageing behaviour is highly 

essential. It is challenging to test ageing behaviour at actual conditions as it is a slow and time-

consuming process. Researchers developed an accelerated aging method which precisely 

estimates the aging behaviour of zirconia in-service condition (In-vivo). It is reported that one-

hour hydrothermal treatment at 134°C under 0.2 MPa in the presence of water can be 

extrapolated to 3−4 years in vivo (Chevalier et al., 1999; Gremillard et al., 2004). 

Bioceramics used for implant applications also require a favourable cellular response 

(biocompatibility) in terms of cell proliferation, differentiation, adhesion and cell attachment 

(Anselme, 2000; Ko et al., 2007). The implant material should not show any toxic effects in the 

host. Cell culture and cellular metabolic activity assays are the most commonly used tests to 

evaluate the cellular response of biomaterial in In-vitro. 
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1.8 Organization of the thesis: 

The thesis has been divided into the following seven chapters: 

Chapter 1: Introduction 

Chapter 2: Literature Review 

Chapter 3: Experimental procedure 

Chapter 4: Development of Niobia doped ceria stabilized zirconia ceramics 

Chapter 5: Development of Samaria doped ceria stabilized zirconia ceramics 

Chapter 6: Tribological properties, Low-temperature degradation and In vitro 

cytotoxicity of developed materials. 

Chapter 7: Conclusions and scope for future work. 

A brief discussion of these chapters is given below: 

Chapter 1 presents the background of ceramics and its applications in various fields, the use of 

different ceramic materials, especially zirconia-based ceramics in biomedical applications and 

organization of the thesis. 

Chapter 2 outlines a detailed review of literature available on zirconia, the effects of dopants on 

stabilization of its high-temperature phases, transformation toughening, and low-temperature 

degradation. It also includes the scope of work, objectives and work plan of the thesis. 

Chapter 3 deals with the details of the raw materials used in this study and powder synthesis 

methods followed, consolidation of powders, sintering methods used, equipment and techniques 

used for physical, mechanical and bio-functional characterization. 

Chapter 4 describes the effect of Nb2O5 on densification, physical and mechanical properties of 

ceria stabilized zirconia. The Nb2O5 content and sintering schedules are optimized based on the 

density, phase, microstructure and mechanical properties of the sintered products. 

Chapter 5 explains the effect of Sm2O3 on densification, physical and mechanical properties of 

ceria stabilized zirconia. The Sm2O3 content and sintering schedules are optimized based on the 

density, phase, microstructure and mechanical properties of the sintered products. 

Chapter 6 devoted to the evaluation of tribological properties, low-temperature degradation 

behaviour and cytocompatibility of Niobia doped ceria stabilized zirconia (NbCSZ), and Samaria 



Chapter 1  Introduction 

8 
 

doped ceria stabilized zirconia (SmCSZ) through a pin on disc wear test, accelerated aging and 

Invitro cell culture studies respectively. 

Chapter 7 bring out the significant findings and concludes the outcomes of the research work 

carried out and also presents the scope for future work. 

 
 



Chapter-2 

 

 

 

 

Literature Review 

 

This chapter presents the detailed review of literature available on zirconia, the effects of dopants 

on stabilization of its high-temperature phases, transformation toughening, and low-temperature 

degradation. It also includes the scope of work, objectives and work plan of the thesis. 

 

Fig. 2.5: Effect of tetragonal to monoclinic transformation in zirconia (Chevalier et al., 2009). 

 

2.5Negative consequences of T to M transformation in zirconia: 

Low-temperature degradation (LTD) is a negative consequence of T – M martensitic 

transformation in zirconia. It was first observed in zirconia cutting tools when subjected to steam 

sterilization. Kobayashi et al.(Kobayashi et al., 1981) in 1981 were the first ones to report an 

unusual degradation phenomenon in Zirconia-Yttria ceramics during aging at low temperatures 

(50 to 350 °C) in a humid atmosphere. They explained that the aging of Zirconia-Yttria ceramics 

at 300 °C for prolonged time resulted in the partial transformation of tetragonal to monoclinic 

structure accompanied by severe microcracking in the sample.  
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Fig. 2.6: Photograph indicating failure of femoral head implant(Masonis et al., 2004) 

This low-temperature degradation behaviour was considered important only above room 

temperature until the year 2001 (Chevalier, 2006), but the catastrophic failure events of the 

implants made up of YSZ (Fig. 2.6) in the year 2001 due to LTD, left incredulity on using YSZ 

as implant material (Chevalier, 2006; Kohorst et al., 2012; Pereira et al., 2015). Investigations on 

this phenomenon revealed that; aging (T  M transformation) occurs at the surface by slow 

transformation to stable monoclinic phase in the presence of water. Transformation starts at an 

isolated grain on the surface, which causes stress on the neighbouring grains and forms 

microcracks and surface roughening because of the volume expansion of monoclinic grain (Fig. 

2.7). The surface roughening causes increased wear of the component, and the microcracks offer 

a path to the water to penetrate deep in to sample and transforms other grains, as shown in Fig. 

2.8. The initial transformation of the specific isolated grain can be related to its size, stabilizer 

content, or presence of residual stresses. 
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Fig. 2.7: Effect of aging in zirconia ceramics (Chevalier et al., 2009). 

 

 

Fig. 2.8: Schematic representation of the Low-temperature degradation process in zirconia. a) 

Transformation of surface grain. b) Penetration of water molecules through the micro cracks. c) 

Surface uplift caused due to transformation. d) Pull out of transformed surface grains 

(Chevalier, 2006). 
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2.6 Mechanism of Aging: 

Though the exact mechanism of LTD is unclear till date, it may be explained by 3 possible 

reasons. First, the water molecules react with Y2O3 to form Y(OH)3 clusters, which depletes the 

amount of stabilizer in zirconia grains which are then free to transform to stable monoclinic 

phase (Lange et al., 1986). Second, the destabilization of tetragonal zirconia is due to the 

dissociation of water molecules into O2- and OH- causes the filling up of oxygen vacancies 

responsible for the tetragonal stabilization around Zr (Chevalier et al., 2009). Third,chemical 

adsorption of water vapour (H2O) on the surface of stabilized zirconia, which leads to the 

formation of Zr-OH and/or Y-OH bonds by breaking Zr-O and/or Y-O at the surface (Fig. 2.9). 

Which creates stress accumulation and generates lattice defects; these lattice defects act as a 

nucleating agent for monoclinic transformation (Yoshimura et al., 1987). 

 

Fig. 2.9: Schematic of water adsorption during aging (Yoshimura et al., 1987). 
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2.7Aging resistant zirconia ceramics: 

Transformation of tetragonal to the monoclinic structure is responsible for aging, and this 

transformation depends on threemajor factors; grain size, stabilizer type, and content.  

2.7.1 Grain size effect: 

Grain size is the principal factor in the aging resistance of zirconia. It is observed that the 

stability of the tetragonal phase is increasing with a decrease in grain size. There is a critical 

grain below which no monoclinic transformation occurs, and this critical grain size depends on 

the stabilizer content. When the grain size exceeds this critical value, the transformation to the 

monoclinic phase increases with aging time, as shown in Fig. 2.10. 

Tsukuma et al. reported that yttria-stabilized samples with more than 1μm grain size shown a 

high amount of transformation when subjected to hydrothermal aging, whereas the samples with 

below 0.4 μm shown no significant transformation(Tsukuma et al., 1983). 

 

Fig. 2.10: Grain-size dependence of phase transformation in 3Y-TZP aging (Tsukuma et al., 

1983). 

This critical grain size depends on the stabilizer content, Watanabe et al., in his research on 

yttria-stabilized zirconia system, found that critical grain size is varied from 0.2 to 0.6 μm when 

yttria content increased from 2 to 5 mol.% (Fig. 2.11) (Watanabe et al., 1983).  
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Fig. 2.11: Critical grain size as a function of yttria content when aged (Watanabe et al., 1983). 

2.7.2 Effect of stabilizer type: 

The stabilization mechanism is different for a differentkind of stabilizing oxides, the stabilization 

of Y-TZP, Mg-PSZ, and Ca-CSZ is due to the presence of oxygen vacancies in the lattice. The 

annihilation of these vacancies in the presence of moisture leading to the degradation of these 

systems. 

The absence of these vacancies in tetravalent doped zirconia systems (Ex: Ce-TZP), makes them 

highly resistant to low-temperature degradation. The use of more than one stabilizer also 

improves the LTD resistance in some cases; forexample, the addition of CeO2 to the Y-TZP 

significantly improved the aging resistance(Boutz et al., 1995; Sato et al., 1986). This topic is 

elaborately explained in section 2.9.1.2. 

2.7.3 Effect of stabilizer content: 

An increase in stabilizer content increases the free energy required to transform from tetragonal 

to monoclinic phase, as discussed in section 2.2, thereby improving the stability of the tetragonal 

phase. Being less transformable to the monoclinic phase, it is less prone to aging, as shown in 

Fig. 2.12, Tsukuma et al. found that the amount of monoclinic transformation is decreasing with 

an increase in yttria content in the samples with the same tetragonal grain size.  
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Fig. 2.12: Phase transformation with respect to the yttria content in yttria TZPs (grain size of all 

samples ~0.4 μm) (Tsukuma et al., 1983). 

But the increase in stabilizer content also increases the quantity of cubic phase, though the cubic 

phase considered to be more resistant to aging; it leads to the decrease in mechanical properties 

such as fracture toughness, as transformation toughening occurs only on metastable tetragonal 

phase. 

2.8 Benefit of ceria stabilized zirconia over yttria stabilized zirconia:   

The stabilization mechanism of the ceria stabilized zirconia system is different from yttria, 

magnesia, and calciastabilized zirconia systems, as discussed in the section. 2.2. The addition of 

ceria to the zirconia will not create any oxygen vacancies like yttria but causes dilation of the 

lattice and decreases the oxygen overcrowding around the zirconium atoms to stabilize 

metastable tetragonal phase (Li et al., 1994b). 

As the mechanism of LTD mainly related to oxygen vacancy annihilation, as discussed in sec. 

2.6, ceria stabilized zirconia is less susceptible to LTD because of the absence of oxygen 

vacancies in its lattice. However, some reports showed that ceria stabilized zirconia also 

susceptible to LTD but relatively much slower kinetics (Matsumoto, 1988; Sato and Shimada, 

1985). Though the exact mechanism of LTD in ceria is not fully understood, one of the possible 

reasons might be the reduction of Ce4+ to Ce3+ and subsequent formation of oxygen vacancies 
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(Zhao et al., 2000). The reduction of Ce4+ to Ce3+ generally takes place when sintered in a non-

oxidizing environment; this reduction is accompanied by a colour change (Heussner and 

Claussen, 1989; Vleugels et al., 2004; Zhao et al., 2000). 

Combined with the high resistance to LTD, ceria stabilized zirconia also offers high fracture 

toughness. But ceria stabilized zirconia ceramics show lower hardness and strength due to its 

larger grain size (Duh et al., 1988; Tsukuma, 1986; Tsukuma and Shimada, 1985). Ceria 

stabilized zirconia ceramics require a higher temperature and longer times for successful 

sintering compared to YSZ because of lack of defects in its structure, which leads to the 

substantial growth in grain size. It is known that reducing the grain size improves the mechanical 

properties of ceramics, such as hardness, strength, and wear resistance. Substantial research has 

been done on reducing the grain size of zirconia ceramics to pursue these desirable mechanical 

properties. 

The grain growth of CSZ can be controlled by the addition of suitable dopantsand/or using an 

alternative sintering process. 

2.9 Improving mechanical properties of zirconia: 

For load-bearing orthopaedics and dental applications, a material needs to be corrosion protected, 

wear-resistant and should possess good hardness and toughness. The wear resistivity of materials 

mainly depends upon their hardness, and hardness intern depends on composition, grain size, 

porosity etc. To improve wear resistance and hardness of ceramics, one should control its grain 

size and minimize porosity (improve sinterability), this can be carried out by the following 

methods. 

2.9.1 Addition of dopants: 

Grain boundary migration and grain boundary diffusion are two mainmechanisms during the 

sintering of ceramics. Grain boundary migration mainly contributes to grain growth, and grain 

boundary diffusion contributes to the densification (Ferreira et al., 2012). The addition of 

suitable dopants can inhibit grain boundary migration by changing boundary, lattice and surface 

diffusivities thereby decreasing the mobility of grain boundaries and/or added dopant ions could 

segregate to the boundary and produces a drag force on boundary motion. Sometimes, if there is 
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an excess amount of dopant (more than the solubility limit), it might form precipitates, and that 

can pin down the boundary and restricts its movement (Powers and Glaeser, 1998). 

Dopants can also act as sintering aids/additives, the addition of suitable dopant either promote 

liquid state sintering or creates defects in the lattice. The presence of defects enhances the 

diffusional mass transport, which further helps in improving sintering kinetics and lowers the 

sintering temperature (M. N. . Rahaman, 2007). 

2.9.1.2 Effect of co-doping on stabilized zirconia:  

The effect of different dopants on stabilized zirconia ceramics was first studied by Sato et al. 

(Sato et al., 1986). They co-doped 3 mol.% yttria-stabilized zirconia with varying amounts of 

either CeO2, MgO, TiO2 or CaO and studied their effect on phase transformation, densification, 

and grain growth. The addition of CaOsuppressed the grain growth, and TiO2 accelerated the 

grain growth, but CeO2 and MgO caused no change, they also concluded that the addition of 

CeO2, TiO2, and decrease in zirconia grain size improved the resistance of tetragonal to 

monoclinic transformation.  

J.G Duh et al. (Duh et al., 1988) reported that the addition of Y2O3 and/or MgO to 10 mol.% 

CeO2 stabilized zirconia suppressed grain size and improved the tetragonal stability. Dae-Joon 

Kim(Kim, 1990) found that co-doping 3YSZ with TiO2, Nb2O5,and HfO2 enhanced the fracture 

toughness and increased the tetragonal distortion without much-effecting grain size.  

Shyh-Lung Hwang et al. (Hwang and Chen, 1990) studied the effect of several dopants (of 

different ionic radii and valency) on grain growth and segregation behaviour in 12Ce-TZP and 

other TZP materials. They found that the dopants of lower cation valency and larger ionic radius 

are effective in suppressing the grain growth, they also concluded that the suppression of grain 

growth is related to the segregation of dopant ions at the grain boundary. As the grain boundary 

in TZPs is positively charged, the added lower valency cations attract towards the grain 

boundary and form a negative space charge layer (Boutz et al., 1994; Hwang and Chen, 1990; 

Theunissen et al., 1989). The drag force caused by these dopant ions present at boundaries 

retards the grain boundary mobility and restricts its growth.  

Jeong-HyunPark et al (Park and Moon, 1992) found that the addition of small amounts of CaO, 

MgO improved the sinterability, decreased grain growth of 12Ce-TZP. They reported that the 
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improvement in sinterability is due to the reason that the addition of lower valency oxides than 

zirconia, which induces oxygen vacancies in the lattice, and it is known that the oxygen vacancy 

diffusion is much faster than the cation diffusion. 

Deuk Yong Lee (Lee et al., 1998), Dae-Joon Kim (Kim et al., 2005) found that doping with 

pentavalent dopants like Nb2O5 can improve the fracture toughness of 3Y-TZP by increasing 

internal strain in lattice through annihilation of oxygen vacancies, which enhances the 

transformability of tetragonal phase.  

Fangwei Guo (Guo and Xiao, 2012), A.M. Hassan (Hassan et al., 2015), Pei-Chia Chen (Chen et 

al., 2016), and In-Jin Shon (Shon et al., 2009) reported that addition of trivalent or pentavalent 

dopants of a smaller ionic radius than zirconia promoted the densification behaviour of TZPs. 

The defects created by the doping trivalent and pentavalent oxides improved the diffusion rate of 

Zr4+ ions, which is responsible for the densification. 

 

 

2.9.2 Two-step sintering method: 

Conventional pressure less sintering process requires high temperatures and long processing time 

to densify the ceramic components, which substantially increases the grain size. Most of the 

efforts were undergone to restrict the grain growth of ceramics by using advanced sintering 

processes like hot pressing, spark plasma sintering, and microwave sintering. But all these 

sintering techniques require sophisticated instruments, and these methods are expensive. 

Chen and wang developed a simple, novel, andcost-effective method to restrict the grain growth 

of ceramics known as “two-step sintering” by modifying the conventional sintering process 

(Chen and Wang, 2000). 

Two-step sintering is a method, which inhibits the grain growth by restricting grain boundary 

migration in the final stage of sintering. In two-step sintering (Fig. 2.13), samples were first 

heated to a high-temperature T1 (first stage temperature) for shorter dwell time, where more than 

70% of densification (known as critical density) will be achieved through grain boundary 

migration and grain boundary diffusion. Then samples were cooled to a lower temperature T2 



Chapter 2  Literature Review 

19 
 

(second stage temperature) for a long dwell time, where Grain boundary migration will be 

restricted, and the rest of the densification will be done through only grain boundary diffusion. 

 

Fig. 2.13: Sintering profiles representing a conventional single-step and two-step sintering. 

One can achieve a near full density (>98%) using a two-step sintering process by exploiting the 

“kinetic window”, which separates the grain boundary migration and grain boundary diffusion 

(Ferreira et al., 2012). If sintering condition falls down the kinetic window, full density cannot be 

achieved and above the kinetic window grain growth will take place. Hence it is vital to exploit 

proper kinetic window (i.e., T1 and T2 temperatures) to get a dense body with fine grains. 

2.10Making zirconia bioactive: 

Zirconia ceramics are bioinert; they cannot form a bond with living bone directly (Ferraris et al., 

2000; Uchida et al., 2001). To use zirconia in applications like bone substitute material under 

load-bearing conditions, it needs to be bioactive and should form a bond with the host’s living 

bone via formation of a bonelike apatite layer on its surface (Uchida et al., 2001). Several 

chemical treatment methods are reported in the literature to make the surface of zirconia bioinert 

(Ke et al., 2017; Uchida et al., 2002a, 2002b, 2001). Masaki Uchida et al. (Uchida et al., 2002a) 

and Miho Nakamura et al. (Nakamura and Inuzuka, 2011) induced the bioactivity in tetragonal 

zirconia polycrystals through chemical treatment with H3PO4, H2SO4 and HCl etc., these 
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chemical treatments were found to produce surface OH groups, which later acted as nucleation 

sites for apatite formation.Fig. 2.14 illustrates the chemical treatment process described by the 

Miho nakamura et. al. to make surface of zirconia bioactive by inducing Zr-OH bonds. 

 

Fig. 2.14:The process of formation of Zr–OH functional groups on the chemical treated zirconia 

surfaces to induce apatite layer formation(Nakamura and Inuzuka, 2011). 

 

2.11 Biocompatibility: 

The definition of biocompatibility is “The ability of a material to perform with an appropriate 

host response in a specific application” (Williams, 1987). Appropriate host response implies that 

the material should show resistance to blood clotting, resistance to bacterial colonization, and 

should not show any adverse effect co-existing living organisms. ISO standard 10993 

“Biological evaluation of medical devices” provides the requirements of implant material and 

series of biological tests to evaluate the biocompatibility depending on the intended use of 

material. Part 1 of the standard provides the guidance for the selection of suitable tests, part 2 

covers the animal welfare requirements, and part 3 to 19 covers the guidelines for specific test 

procedures and testing related issues. 

As per ISO 10993 the selection of tests to evaluate biocompatibility depends on the composition 

of material, conditions of exposure and duration of exposure of material with the host. Table 2.1 

categorizes the materials and provides the required tests for biological evaluation. 
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A series of tests are suggested to evaluate the biocompatibility of materials as shown in Table. 

2.1, depending on the application one can choose one or more tests to assess the 

biocompatibility.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1: Biological evaluation of biomaterials(ISO 10993, 2009). 
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2.11.1 Cytocompatibility: 
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Cytocompatibility tests involves the exposure of test material to the suitable cell culture lines. 

Cell cultures are very sensitive and readily display signs of toxicity in the presence of harmful 

substances leached from test material. The following section describes the most widely used 

methods to test the cytocompatibility. 

2.11.1.1 Cell culture and cellular metabolic activity assay: 

Cell culture and cellular metabolic activity assays are the most commonly used tests to evaluate 

the cytocompatibility of biomaterial in Invitro. These tests are simple, rapid, inexpensive, easily 

reproducible, and do not require animals. Cellular metabolic activity assays are based on various 

cell functions such as cell membrane permeability, cell adhesion, cell proliferation, adenosine 

triphosphate (ATP) production (Ishiyama et al., 1996). In cell culture studies, isolated animal or 

human cells are grown in a tissue flask. The cells are then seeded on to the surface of the 

material and incubated at standard conditions. The cell viability or the cytotoxicity of the 

materials assayed through the activity of the mitochondrial enzyme. The activity of 

mitochondrial enzymesis often determined through 3-(4, 5- dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide assay, or MTT assay (Stockert et al., 2018). 

 

Fig. 2.15: Enzymatic reduction of MTT to formazan (Kuete et al., 2017). 

MTT assay is a colorimetric assay; this yellow tetrazolium dye (MTT) is reduced to an insoluble 

purple formazan in the presence of mitochondrial enzyme present in the cytosolic compartment 

of the cell as shown in Fig. 2.15(Mosmann, 1983). Then the purple formazan is dissolved in a 

soluble solution, and absorbance of this solution is measured, the degree of absorbance indicates 

the viability of cells. 



Chapter 2  Literature Review 

24 
 

2.12 Scope of work: 

As discussed earlier, poor mechanical properties of ceria stabilized zirconia are due to its larger 

grain size. In general, achieving high density with fine grain size are vital for zirconia ceramics 

to enhance the stability of the tetragonal phase with improved mechanical properties. It is known 

that grain growth of ceria stabilized zirconia is due to its poor sinterabilityand/or lack of proper 

grain growth restriction mechanism (segregation/solute drag) like in yttria-stabilized zirconia. 

Improved sinterability requires efficient transportation of matter, which in crystallite solids 

occurs by the process of diffusion involving atoms, ions, and molecules. Crystallite solids are not 

ideal in the structure; they contain various defects. It is the presence of defects that allow 

diffusional mass transport to take place. As the defects control the rate of mass transportation, 

they contribute to the sintering rate and grain growth. The addition of aliovalent dopants may 

improve the sinterability of CSZ by increasing defect density in its lattice, as observed in the 

literature discussed in section 2.9.1.2. Two dopants with different valency are chosen in the 

present study; they are pentavalent Nb2O5 and tetravalent Sm2O3. Addition of Nb5+ of the ionic 

radius (0.64 Å) smaller than Zr4+ and O2- can promote the sintering of CSZ by creating point 

defects (substitutional/Interstitial) (Guo and Xiao, 2012) and also Nb5+ addition increases the 

tetragonality (c/a ratio), which decreases the tetragonal stability of CSZ and improves the 

fracture toughness (Kim et al., 2005). Being low valency cation with larger ionic radius (1.08 Å) 

Sm3+ ions expected to suppress the grain growth by segregating at the grain boundary (Hwang 

and Chen, 1990).     

Another way to control grain growth in CSZ is to use a two-step sintering method. Two-step 

sintering can effectively control the grain boundary migration, which is responsible for grain 

growth and allows densification through grain boundary diffusion, as discussed in section 

2.9.2.1.    
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2.13 Objectives of the work: 

 Synthesis of ceria stabilized zirconia co-doped with Nb2O5 and Sm2O3nanopowders 

through the co-precipitation method. 

 Study of the effect of co-dopants on sinterability and grain growth of CSZ. 

 Optimization of the calcination temperature and sintering schedule based on density, 

microstructure, and mechanical properties of samples. 

 Evaluation of mechanical properties, such as hardness and fracture toughness. 

 Evaluation of Low-temperature degradation of samples through accelerated aging studies. 

 Biocompatibility study of developed systems. 

2.14 Plan of Work: 

The work plan of the present research is represented in Fig. 2.16. Nanopowders of niobia doped 

ceria stabilized zirconia, and samaria doped ceria stabilized zirconia with varying amounts (0-2 

mol. %) of niobia and samaria will be synthesized through co-precipitation synthesis. 

 

Fig. 2.16: Schematic of the plan of work. 
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Dopant concentration and sintering schedule will be optimized based on density, microstructure, 

phases present, and mechanical properties of the sintered component. Phase and microstructure, 

Mechanical behaviour (hardness, fracture toughness, compressive strength), tribological 

properties, in vitro aging (hydrothermal treatment), and biological response (biocompatibility) 

will be evaluated. 



Chapter-3 

 

 

 

 

Materials and Experimental Methods 
 

This chapter deals with the details of the raw materials used in this study and powder synthesis 

methods followed, consolidation of powders, sintering methods used, equipment and techniques 

followed for physical, mechanical and bio-functional characterization. 

3.1 Raw materials used: 

Raw materials used for the preparation of desired powders were zirconyl nitrate, cerous nitrate, 

samarium nitrate and niobium oxalate hydrate. The source and purity of raw materials are 

mentioned in Table 3.1. The raw materials of the required quantities were measured using an 

electronic balance with a 0.1mg precision. 

 

Table 3.1: Source and purity of raw materials used for powder synthesis. 

Raw material Chemical formula Purity Source 

Zirconyl nitrate ZrO(NO3)2.xH2O 99.5% LobaChemie, India 

Cerous nitrate Ce(NO3)3⋅6H2O 99.5% LobaChemie, India 

Samarium nitrate Sm(NO3)3.6H2O 99.99% Alfa Aesar, Russia 

Niobium oxalate hydrate Nb(HC2O4)5.xH2O 99.9% Alfa Aesar, USA 

3.2 Wet chemical synthesis of powders: 

Three kinds of powders, i.e., Ceria Stabilized Zirconia (CSZ), Niobia doped Ceria Stabilized 

Zirconia (NbCSZ) and Samaria doped Ceria Stabilized Zirconia (SmCSZ), were prepared with 

different stoichiometry. The compositional variation and their nomenclatures are listed in Table 

3.2. 
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Table 3.2: Different samples used in this study, along with their chemical composition. 

System Sample ID mol.% Niobia mol.% of Samaria mol.% of Ceria mol.% of Zirconia 

CSZ CSZ 0 0 12 88 

NbCSZ 

0.5NbCSZ 0.5 0 12 87.5 

1NbCSZ 1 0 12 87 

1.5NbCSZ 1.5 0 12 86.5 

2NbCSZ 2 0 12 86 

SmCSZ 

0.5SmCSZ 0 0.5 12 87.5 

1SmCSZ 0 1 12 87 

1.5SmCSZ 0 1.5 12 86.5 

2SmCSZ 0 2 12 86 

The powders of different compositions were synthesized through co-precipitation method. The 

respective amounts of precursor salts were dissolved in distilled water in proper ratios and then 

co-precipitated by dropwise addition of ammonia solution as represented in Fig. 3.1. A pH level 

of 9-10 was maintained for total precipitation to occur. 

 

Fig. 3.1: Schematic representation of powder synthesis process. 
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The precipitates were filtered and washed with distilled water for several times to ensure 

ammonia is completely removed from precipitates, Fig.3.2shows the complete experimental 

setup used for the powder synthesis. The filtered precipitates were dried in a hot air oven at 110 

°C for 12 hours to remove moisture.  

The reaction kinetics are as shown below: 

                      𝑍𝑟𝑂(𝑁𝑂3)2. 𝐻2𝑂 + 3𝑁𝐻4𝑂𝐻 → 𝑍𝑟(𝑂𝐻)4 + 2𝑁𝐻4𝑁𝑂3  (Eq. 3.1) 

 

Fig. 3.2: Experimental setup used for the co-precipitation process. 

3.3 Calcination of synthesized powders: 

The synthesized powders were calcined at different temperatures (600-1000 °C) for 2 hours in air 

atmosphere using a resistance heating furnace. The calcination process removes volatile 

materials present in powders and converts amorphous hydroxide to crystalline oxides. The 

reaction kinetics of powders during calcination can be represented as follows: 

                                    𝑍𝑟(𝑂𝐻)4
ℎ𝑒𝑎𝑡
→  𝑍𝑟𝑂2 +𝐻2𝑂     (Eq. 3.2) 
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3.4 Uniaxial compaction of powders: 

After calcination, the powders were compacted to cylindrical pellets of different diameters (6mm 

to 10mm) at a pressure of 600 MPa using compaction dies and a uniaxial hydraulic press 

(Fig.3.3). Zinc stearate was applied to the die walls as a lubricant to reduce the die wall friction 

and 1 wt. % PVA (Poly Vinyl Alcohol) solution was added to the powder before compaction as a 

binder to increase the green strength of pellet. 

 

Fig. 3.3: Uniaxial hydraulic press used for compaction of powders. 

3.5 Sintering of compacts: 

Compacted pellets were sintered in a box-type electric resistance furnace equipped with MoSi2 

heating elements (OKAY, Bysakh& Co., India) shown in Fig.3.4.Initially, pellets were heated to 

500 °C with a slow heating rate of 5 °C/min and 30 min holding was provided to remove binder 

added during compaction, then the remaining schedule was carried out at a heating rate of 10 

°C/min. In present work, two different types of sintering schedules were used, i.e., conventional 

single step, two-step sintering. The representative sintering profiles of a conventional single-step 

and two-step sintering process are represented in Fig.3.5.  
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Fig. 3.4: Box type electric resistance furnace used for sintering of compacted samples. 

 

 

Fig. 3.5: Representative sintering schedules indicating a conventional single-step and two-step 

sintering. 
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3.6 Characterization methods used: 

After sintering, samples were subjected to physical, phase, microstructural, mechanical and 

biological characterization. The details of the characterization techniques and equipment used 

were discussed below.   

3.6.1 Physical characterization: 

3.6.1.1 Density measurement: 

The green density (⍴g) of the compacted pellets was calculated by measuring the weight and 

estimating volume through the dimensions of the compact. 

⍴
𝑔 = 

𝑀𝑎𝑠𝑠 

𝑉𝑜𝑙𝑢𝑚𝑒

   (Eq. 3.3) 

The density measurement setup, as shown in the Fig.3.6, was used to measure the density of 

sintered samples. The density of the sintered samples was measured using the Archimedes 

principle following ASTM B 962-15 standard (ASTM International, 2017a). The sintered density 

(ρs) is given as: 

ρs =
𝑚𝑠𝜌𝑤

𝑚𝑠−𝑚𝑤
    (Eq. 3.4) 

where, ρs = sintered density, ρw =density of water at room temperature, ms = mass of the sintered 

body in the air, mw =mass of the sintered body in water. 

Relative density can be calculated as: 

% ρrel =
ρ𝑠

ρ𝑡ℎ
 x 100        (Eq. 3.5) 

Where ρth is theoretical density. 

 

 

Fig.3.6: Density measurement setup. 
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3.6.2 Phase and microstructural analysis: 

Phase and microstructure of powders and sintered samples were analysed using X-Ray 

Diffractometer and Scanning Electron Microscope (SEM) as discussed in the following sections. 

3.6.2.1 X-ray diffraction analysis: 

Phase and crystallite sizes of powders and sintered specimens were characterized using X-Ray 

Diffractometer (XRD: X’Pert PRO, PANalytical, The Netherlands) shown in Fig. 3.7. 

Diffraction peaks were obtained using CuKα radiation (wavelength λ = 0.15406 nm) operated at 

45 kV, 30 mA, taking step size of 0.02°. The patterns were then analyzed using X’Pert 

Highscore Plus (PANalytical, The Netherlands) software for phase identification and 

quantification equipped with ICDD (International Center for Diffraction Data) and ICSD 

(Inorganic Crystal Structure Database). Rietveld refinement method was used for quantification 

of phases.  
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Fig. 3.7: X-ray diffractometer used for phase analysis. 

3.6.2.2 Measurement of crystallite size from XRD: 

Crystallite sizes were calculated from XRD patterns using Debye Scherrer’s formula. In order to  

eliminate the effect of instrument broadening, standard coarse-grained samples were prepared 

using similar composition, and XRD patterns were obtained. 

Crystallite size according to Debye Scherrer’s formula 

𝑡 =  
0.94.𝜆

𝐵𝑐.𝐶𝑂𝑆𝜃
  (Eq. 3.6) 

Where t is crystallite size, λ is X-ray wavelength, θ is the diffraction angle and Bc is the peak 

broadening due to crystallite size 
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In general broadening (Full width half maxima) is a combined effect of crystallite size, lattice 

strain and instrument broadening. Broadening due to instrument Bi can be calculated from the 

standard sample. Now by subtracting Bi from observed broadening Bo, we can obtain broadening 

due to crystallite size and lattice strain Br (Br = Bc+ Bs), 

𝐵𝑟 = √(𝐵𝑜2 − 𝐵𝑖
2)     (Eq. 3.7) 

Where Bo is the broadening of the actual sample, Bi is the broadening of the standard sample. 

Broadening due to only crystallite size can be obtained from the equation 3.6,  

𝐵𝑐 =  
𝑘𝜆

𝑡 𝑐𝑜𝑠𝜃
     (Eq. 3.8)  

Broadening due to only lattice strain can be calculated from the below formula 

𝐵𝑠 =  ɳ 𝑡𝑎𝑛𝜃     (Eq. 3.9) 

As Br is the combined effect of crystallite size and lattice strain it can be written as follows 

Br = Bc+ Bs     (Eq. 3.10) 

Br = 
𝑘𝜆

𝑡 𝐶𝑂𝑆𝜃
+ ɳ 𝑡𝑎𝑛𝜃    (Eq. 3.11) 

Br cosθ= 
𝑘𝜆

𝑡 
+ ɳ 𝑠𝑖𝑛𝜃    (Eq. 3.12) 

Now if we plot a graph by considering sinθ as X-axis and Br cosθ asY-axis as shown in the Fig. 

3.8, the slope of the graph will give us the lattice strain (ɳ) value. The crystallite size can be 

calculated from the intercept. 
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Fig. 3.8: Williamson-Hall plot indicating the intercept (kλ/L) and slope. 

 

 

3.6.2.3 Microstructural analysis: 

The Microstructure of the samples was examined with a Scanning Electron Microscope (Fig. 

3.9)with tungsten filament electron source (SEM: VEGA 3LMV, TESCAN, Czech Republic) 

using Secondary Electron (SE) and Back Scattered Electron (BSE) imaging modes. Chemical 

composition of the samples was qualitatively measured using Energy Dispersive X-ray 

Spectroscopy (EDS: Oxford Technologies, UK) attached to the SEM. The SEM was operated at 

an accelerated voltage of 15 kV for imaging and 20 kV for EDS analysis. Before observing in 

SEM, the samples were metallographically polished and thermal etched at 1200 °C for 1hr, and 

samples surface was sputter-coated with an ultra-thin coating (2 - 10 nm) of electrically 

conducting gold/palladium (80/20). Sputter coating makes the sample surface conductive and 

prevents the charging effect. 
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Fig. 3.9: Scanning Electron Microscope used for microstructural analysis of samples. 

3.6.3 Mechanical property evaluation: 

Mechanical properties such as Hardness, Fracture toughness and Wear properties of sintered 

samples were analysed as described in the following sections. 

3.6.3.1 Hardness measurement: 

Vickers indentation hardness was measured on the polished specimen at a test load of 98 N using 

Vickers hardness tester (Via-S, Matsuzawa, Japan) shown in Fig. 3.10 following ASTM C 1327-

15 (ASTM International, 2019). The indentation was observed with an attached optical 

microscope, and diagonal lengths were measured. An average of 5-10 readings was taken at 

random positions on the samples. Vickers hardness(HV) was calculated using the formula. 

HV=1.854 
𝐹

𝑑2
    (Eq. 3.8) 

Where F= applied a load (Kgf), d=average length of the diagonals (mm). 
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Fig. 3.10: Computerized Vickers hardness tester used for measuring hardness and indentation 

fracture toughness. 

 

 

3.6.3.2 Indentation fracture toughness measurement: 

Indentation fracture toughness (IFT) of the polished samples was estimated by measuring the 

crack length of the Vickers indentation (Fig. 3.11). The well-known IFT equation given by 

Anstis et al. was considered to calculate fracture toughness (Anstis et al., 1981). 

KIC = 0.016. (
E

H
)
1
2⁄

. (
P

C
3
2⁄
)    (Eq. 3.9) 

Where KIC is the fracture toughness, H is the hardness, E is Young’s modulus, C is the crack 

Length, P is applied load, and 0.016 is the “calibration” constant. 
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Fig. 3.11: Schematic image of Vickers’ indentation with cracks at the edges(Anstis et al., 1981). 

3.6.3.3 Wear study: 

Tribological properties were evaluated (in dry condition) using “pin and ball on disc wear testing 

machine” (Model: TR-20, Ducom, India) in pin on disc configuration following ASTM G 99 

standard (ASTM International, 2017b). 

A schematic representation and a photograph indicating different parts of the pin on disc wear 

machine is presented in Fig 3.12. A commercially available alumina disc (99.7 % density) was 

used as a counter body to the pin type specimen. The test loads were chosen based on the 

simplification developed by Adelina Borruto for possible loads acting on the femoral head in the 

hip joint during different human activities like walking, running etc. (Borruto, 2010). 
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Fig. 3.12:a) Schematic representation and b) Photograph of pin on disc wear testing machine. 
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The tests were carried out for 500 meters sliding distance with different loads (30, 40, 50 N) at a 

rotational speed of 200 RPM. The generated frictional force and wear depth data were collected 

using a frictional force sensor (load cell), and Linear Variable Differential Transducer (LVDT) 

attached to the machine. The weight of the samples was measured before and after testing using 

a high precision (0.01mg) digital balance (Sartorius, India). The coefficient of friction, volume 

loss, and specific wear rate of samples was measured using the following equations as per ASTM 

G 99 standard (ASTM International, 2017b). 

 Co-efficient of friction = 
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 (𝑁)

𝑁𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 (𝑁)
     (Eq. 3.10)  

 Volume loss (mm3) = 
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (𝑔)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3
)
 x 1000     (Eq. 3.11) 

 Specific wear rate (mm3/N-m) = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑠𝑠 (𝑚𝑚3)

𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑙𝑜𝑎𝑑(𝑁) 𝑋 𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑚)
 (Eq. 3.12) 

The wear surfaces of samples were ultrasonically cleaned and observed in Scanning 

Electron Microscopy (SEM) for surface damage and study of wear mechanism. 

 

3.6.4 Biological characterization: 

The samples of optimized compositions were analyzed for In-vitro biological characterization 

such as Hydrothermal aging, Bioactivity, Cytocompatibility. 

3.6.4.1 Hydrothermal aging: 

For the evaluation of low-temperature degradation properties of developed materials, an 

accelerated aging study was carried out according to ISO 13356 standard (ISO, 2015) on an 

optimized sample. Sintered and metallographically polished samples were placed in a low-

temperature autoclave chamber containing distilled water (Fig.3.13), and the chamber is 

appropriately sealed. During the test, then the temperature and pressure inside the autoclave 

chamber were maintained at 134 °C and 0.2 MPa, respectively. The experimental setup used for 

the hydrothermal aging study is represented in Fig.3.14. After every 10 hours of hydrothermal 

treatment, the samples were taken out and analyzed for phase and microstructural changes. 
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Fig. 3.13.a) Hydrothermal aging setup b) schematic of autoclave c) photograph indicating parts 

of autoclave used in the study. 
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3.6.4.2 Bioactivity or Osteo-conduction study: 

Osteo-conduction study on sintered samples was carried out to study the bioactivity of samples. 

The bioactivity of the samples was generally evaluated through the ability of apatite layer 

formation on the surface of the sample when immersed in a Simulated Body Fluid (SBF).  

The SBF solution was prepared by dissolving the reagents mentioned in Table 3.3 in 1000 ml of 

distilled water, as described by kokubo et al (Kokubo and Takadama, 2006). 

The sintered samples were placed in a polypropylene (plastic) beaker, SBF was added into it and 

the beakers were kept inside an incubator which maintains a constant temperature of 36.5 °C. 

After every alternate day, the SBF solution in beakers was replaced with a fresh one.After a 

period of 7 days, samples were taken out for characterization. After taking out, the samples 

werecarefully washed with distilled water and dried at room temperature. The dried sample 

coated with a conductive material and observed under SEM. 

Table 3.3.Reagents required to prepare 1 liter of n-SBF solution (Kokubo and Takadama, 2006). 

Order Reagent Amount 

1 NaCl 8.035g 

2 NaHCO3 0.355g 

3 KCl 0.225g 

4 K2HPO4.3H2O 0.231g 

5 MgCl2.6H2O 0.311g 

6 1M-HCl 39ml 

7 CaCl2 0.292g 

8 Na2SO4 0.072g 

9 Tris 6.118g 

10 1M-HCl 0-5 ml 
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3.6.4.3 In-vitro bio-compatibility test: 

Viability levels or proliferation rates of cells are good indicators of biocompatibility of any 

material. In this study, the biocompatibility of the developed material is assessed through MTT 

assay using human osteoblast-like cell (MG63) culture. 

3.6.4.3.1 Cell culture study: 

The human osteosarcoma cell line (MG-63) obtained from NCCS (Pune, India) was expanded 

using Dulbecco’s Modified Eagles Medium (DMEM, Himedia, India) supplemented with 10% 

fetal bovine serum and antibiotics. The cells were incubated at standard cell culture conditions 

(37 °C with 5% CO2 and 100% relative humidity). The experiments were carried out with the 

cells when they reached 90% confluence. 

3.6.4.3.2 Cellular metabolic activity assay:  

The optimized NbCSZ samples were thoroughly cleaned, sterilized and preconditioned with 

complete medium overnight and placed in a 24 well culture plate for seeding.Fig. 3.14 represents 

experimental steps to conduct cellular metabolic activity assay. Initially, cells were counted, and 

2 x 104 cells were seeded per sample and also into the empty wells as 2D control(Fig. 3.15 a). 

The plates were incubated at standard culture conditions for 2 to 3 h to ensure cell adhesion and 

incubated for 7 days after adding culture medium and changing the medium every 2 days. At 

specified intervals, MTT assay was performed by adding 10% MTT solution (Himedia, India) to 

each plate and incubated for 4 h to allow the formation of purple formazan derivative (Fig. 3.15 

b). The derivatives were dissolved in dimethyl sulfoxide at room temperature (Fig. 3.15 c), and 

absorbance of the solution was measured using a multi-mode plate reader (Enspire, PerkinElmer, 

USA). 
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Fig. 3.14: Flow chart representing the steps to conduct MTT assay. 

 

Fig. 3.15: Photograph indicating a) 24 well plate with cells attached samples and DMEM 

medium, b) Sample with purple formazan, c) purple solution obtained after dissolving formazan 

in dimethyl sulfoxide. 
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3.6.4.3.3 Cell morphology study: 

The cell morphology on the samples was evaluated by scanning electron microscope imaging.  

The seeded samples after incubation period were washed with PBS (phosphate buffer saline) and 

fixed in PBS with 2.5% glutaraldehyde for one hour at room temperature. After fixing, the 

samples were dehydrated by washing in ascending series of ethyl alcohol solution (50-100%) 

followed by drying in vacuum. Before observing in SEM, the samples were coated with 

gold/palladium (80/20) to make the surface conductive.
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Niobium Oxide Doped Ceria Stabilized Zirconia System  

 

This Chapter majorly deals with the synthesis and development of Nb2O5 doped ceria stabilized 

zirconia composite system. Effect of Nb2O5 on physical and mechanical properties of ceria 

stabilized zirconia was also described. The synthesized powders were calcined at different 

temperatures and then compacted to pellets. The compacted pellets were sintered at different 

Conventional Single Step (CSS) and Two-Step Sintering (TSS) schedules. Optimization of 

calcination and sintering schedules were done based on phase, microstructure and mechanical 

properties of the final product. The details of the characterization techniques used were described 

in chapter 3. 

4.1 Powder characterization: 

X-ray diffraction technique was used to analyze the phases present in powders after calcination. 

XRD patterns of synthesized CSZ powders calcined at different temperatures (600 °C, 800 °C, 

and 1000 °C) are represented in Fig. 4.1.Analysis of the patterns revealed that the peaks in 

patterns are in match with tetragonal ceria-zirconium oxide (ICSD 98-002-3396) and monoclinic 

zirconium oxide (ICSD 98-007-1839). As indexed in Fig. 4.1the peaks indicating 2 values of 

29.9, 34.2, 34.9, 42.5, 49.7, 50.4, 58.6, 59.6, 62.0, 72.2, 73.9, 80.7, 82.7, 94.2 represents the 

tetragonal zirconia phase and 24.2, 28.3, 31.4 represents the monoclinic zirconia phase. 
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Fig. 4.1: X-ray diffraction patterns of synthesized CSZ powders calcined at different 

temperatures. 

To know the phase fractions of Tetragonal and Monoclinic phase, Rietveld analysis for the XRD 

patterns was performed and found that there are 1%, 4% and 8% monoclinic phase and the 

remaining amount of tetragonal phase were present in powders calcined at 600 °C, 800 °C and 

1000 °C, respectively. The details of Rietveld refinement parameters of the analyzed patterns 

along with crystallite size are presented in Table 4.1. For ideal fit the GOF value should be equal 

to 1, it can be seen from the table that GOF of all the samples is near to 1, indicating close fit.  

 

Table 4.1: Crystallite size, relative phase content along with Rietveld refinement parameters of 

CSZ powders calcined at different temperatures. 

 * Rp (profile R factor), Rwp (weighted profile), Rexp (expected profile) and GOF (goodness of fit) 

 

Calcination 

Temperature (°C) 

Crystallite 

size (nm) 

% Phase content Refinement parameters* 

Monoclinic Tetragonal Rp Rexp Rwp GOF 

600 7 1.2 98.8 6.146 7.6686 7.7713 1.0269 

800 13 3.9 96.1 6.3191 7.5268 7.9683 1.1207 

1000 26 8.0 92.0 6.2302 7.3993 7.8566 1.1274 
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The representative XRD pattern of powder calcined at 1000 °C after Rietveld refinement is 

shown in Fig. 4.2, in which solid line represents the observed profile, dashed line represents 

calculated profile and plot at the bottom indicates the difference between the observed and 

calculated profiles. It is known that the lower the difference between observed and calculated 

profiles (best fit), the higher the accuracy of Rietveld analysis. 

 

Fig. 4.2: X-ray diffraction patterns after Rietveld refinement obtained from CSZ calcined at 

1000 °C for 2 h. 

It is known that the extent of tetragonal phase stabilization depends on the amount of stabilizer 

content and size of particles (surface energy). Increase in calcination temperature allows the 

particles to grow, thereby decreases particle’s surface energy which intern reduces the relative 

amount of tetragonal phase (Bechepeche et al., 1999; Pandey and Biswas, 2011). Average 

crystallite size at 600 °C, 800 °C, 1000 °C calcination temperature was calculated to be 7, 13 and 

26 nm respectively, using Debye-Scherrer equation (Cullity, 1956). Even though some amount 

of monoclinic phase was present in calcined powder, it got disappeared, and a completely 

tetragonal phase was observed after sintering at high temperatures (Fig.4.4), this is because of 

the increased solubility of ceria in zirconia at higher temperatures (Ragnhild E . Aune, 1997). 
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Fig. 4.3: Green density of pellets made of 600 °C, 800 °C & 1000 °C calcined powders. 

Fig. 4.3shows the green densities of pellets after compaction at 400 MPa. It was observed that 

green densities of pellets made of 600 °C, 800 °C calcined powders were less compared to 1000 

°C. Smaller particles have a higher specific surface area, which experiences more inter-particle 

friction during compaction and restricts the powder from flowing; resulting in lower green 

density. Presence of amorphous content in powders calcined below 1000 °C is also a reason for 

lower green density. So, for a given compaction pressure, smaller the particle size, poorer the 

green density(Pandey and Biswas, 2014, 2011; Ramabulana et al., 2019). It is known that smaller 

powder particles exhibit enhanced sintering behaviour, but the extent of sintering or densification 

also depends on the green density. 
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4.2 Conventional single step sintering: 

Compacted samples of ceria stabilized zirconia powders with varying amounts of niobia (0-2 

mol. %) were sintered using various conventional single-step sintering schedules (1300 °C to 

1550 °C) represented in Table. 4.2. The range of sintering temperatures was chosen based on the 

literature (Pandey and Biswas, 2011). 

Table 4.2: Different Sintering schedules used in this work. 

Code Sintering schedule 

A 1300 °C for 3 hours 

B 1400 °C for 3 hours 

C 1450 °C for 3 hours 

D 1550 °C for 3 hours 

 

4.2.1 Optimization of Nb2O5 content and sintering schedule: 

The effect of Nb2O5 content on phase formation in the sintered component is represented in Fig. 

4.4. It is evident that up to 1 mol. % of Nb2O5 can be accommodated (solubility limit) by the 

CSZ matrix at 1450 °C. CeNbO4 phase separates as a new entity as the mol. % of Nb2O5 content 

is increased above 1%, causing depletion of ceria content in zirconia lattice, resulting in 

destabilization of tetragonal zirconia and allowing monoclinic phase formation. It is observed 

that the increase in Nb2O5 content within the solubility limit results in peak shift (lattice strain) 

towards the right side, as shown in the inset of Fig. 4.4. It can be noted that the ionic radius of 

Nb+5 is smaller than Zr+4, the substitution of Nb+5 for Zr+4 reduces lattice spacing, as it is known 

that d spacing is inversely proportional to the diffraction angle, decrease in lattice spacing results 

in peak shifts towards higher angles. 
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Fig. 4.4: X-ray diffraction patterns of specimens sintered at 1450 C for 3 h. 

Effect of calcination temperature and sintering schedule on the relative density of the samples are 

shown in Fig. 4.5. Sintered densities of pellets made of 1000 °C calcined powders are higher 

compared to 600 °C and 800 °C because of optimum particle size and green density combination 

(Fig. 4.3). So, samples made of 600 °C & 800 °C calcined powders were discarded from further 

analysis. An increasing trend in sintered density was found with the increase in Nb2O5 content (0 

to 1%) irrespective of the sintering schedule. As discussed earlier ionic radius of Nb+5 is smaller 

than that of Zr+4 and O-2, doping of Nb+5 ions into CSZ will distort the crystal structure leading to 

the formation of defects as was observed in case of Fe+3 doped YSZ, reported elsewhere (Shon et 

al., 2009). The defects caused by the Nb+5 promote diffusion rate of Zr+4 ions (Naga et al., 2015). 

Nb+5ions might have substituted Zr+4ions which lead to a cation vacancy, as shown in equation 

4.1. 

2𝑁𝑏2𝑂5
5𝑍𝑟𝑂2
→   4𝑁𝑏𝑍𝑟

′ + 𝑉𝑍𝑟
′′′′ + 10𝑂𝑂

𝑋    (Eq. 4.1) 

 The vacancy diffusion enhances Zr+4 ion migration during the sintering process and accelerates 

diffusion rate, which leads to increased density (Hassan et al., 2015).  
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Fig. 4.5:The relative density of doped and pure CSZ samples at different sintering schedules. 

4.2.2 Microstructural and mechanical characterization: 

Vickers hardness of pure CSZ and NbCSZ samples for different sintering schedules are 

represented in Fig. 4.6.An increasing trend of Vickers hardness was found with the increase in 

Nb2O5 content at 1450 °C; it is because of the improved densities of the doped samples, as 

shown in Fig. 4.5. At 1550 °C sintering temperature, an opposite trend was observed, i.e. the 

hardness values decreased with the doping content, the reason for this might be the effect of 

grain size, as we know that all the samples were densified to near full density at 1550 °C but the 

doped samples shown more grain size compared to undoped samples.It is well known that the 

samples with lower grain size show better hardness. The SEM images shown in 

Fig.4.7represents the microstructure along with their average grain size of full dense samples 

CSZ (Fig. 4.7a) and NbCSZ (Fig. 4.7b) sintered at 1550 °C and NbCSZ sintered at 1450 °C 

(Fig. 4.7c). Through the samples shown in Fig.4.7are of similar density, the sample NbCSZ 

sintered at 1450 °C shown a higher hardness of 1047 HV10 which is 17.5 % more compared to 

the CSZ sintered at 1550 °C. The improvement of hardness value in doped specimens is because 

of two reasons: firstly; Nb5+ions might have increased the cohesion between the grains (Naga et 

al., 2015) and secondly; due to improved sinterability (higher densification with finer grain size) 

of doped CSZ as discussed in the section 4.2.1 (Hassan et al., 2015; Hsu, 2005). 
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Fig. 4.6: Vickers hardness of NbCSZ samples with the variation of Niobium content at different 

sintering schedules. 
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Fig. 4.7: SEM images of polished and thermally etched specimens a) CSZ b) 1NbCSZ sintered at 

1550 °C and c) 1NbCSZ sintered at 1450 °C. 

 

The effect of Nb2O5 addition on indentation fracture toughness is represented in Fig. 4.8. It is 

observed that fracture toughness of doped CSZ samples is higher in comparison to pure CSZ, 

irrespective of the sintering schedule. A maximum toughness of 6.8 MPa m1/2 was observed for 

the sample NbCSZ sintered at 1550 °C, and it is decreased to 6.2 MPa m1/2 for sample sintered at 

1450 °C, the decrease in toughness value is attributed to the decrease in grain size. In general, the 
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improved toughness of zirconia ceramics is majorly due to the mechanism of transformation 

toughening as discussed in earlier chapters, the transformation toughening depends on the ability 

of tetragonal phase to transform into the monoclinic phase, and the tetragonal phase stability 

depends on the grain size. According to the Lange (Lange, 1982), smaller grains shows more 

tetragonal stability and displays lower propensity to transform to monoclinic under stress, 

thereby lowers the fracture toughness of the sample. 

 

Fig. 4.8: Indentation fracture toughness of samples sintered at sintering schedule C and D. 

4.3 Effect of two-step sintering on NbCSZ: 

It is established that addition of 1 mol. % Nb2O5 to CSZ helped in achieving full density with 

fine grain size compared to pure CSZ by lowering its sintering temperature. It is known that 

reducing the grain size improves the mechanical properties of ceramics, such as hardness, 

strength, and wear resistance. Sintering of the ceramics usually carried out through the 

mechanisms: Grain boundary diffusion and grain boundary migration, former one mainly 

contributes to the densification of the ceramics and grain boundary migration contribute to the 

grain growth (Ferreira et al., 2012). Two-step sintering inhibits the grain growth by restricting 
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grain boundary migration in the final stage of sintering. In this method, samples are first heated 

to a high-temperature T1 (first stage temperature) for shorter dwell time, where more than 70% of 

densification (known as critical density) will be achieved through grain boundary migration and 

grain boundary diffusion. Then samples cooled to a lower temperature T2 (second stage 

temperature) for long dwell time, where Grain boundary migration will be restricted, and rest of 

the densification will be done through only grain boundary diffusion. 

A near full density (>98%) with refined grains can be achieved using two-step sintering process 

by exploiting proper T1 and T2 temperature region, which separates the grain boundary migration 

and grain boundary diffusion (Ferreira et al., 2012). If sintering condition falls down this region, 

full density cannot be achieved and above this region grain growth will take place. 

4.3.1 Optimization of two-step sintering schedule: 

It has been reported in the literature (Chen and Wang, 2000; Lóh et al., 2016; Zhang et al., 2017), 

that T1 plays a vital role in achieving critical density, which is required to achieve near full 

density with finer grains in the two-step sintering process.Initially, to understand the effect of 

first stage temperature (T1), different sintering schedules TSS-1 (T1 = 1600 °C), TSS-2 (T1 = 

1500 °C) and TSS-3 (T1 = 1450 °C) were chosen by keeping second stage temperature (T2) fixed 

at 1300 °C as represented in Table 4.3. 

Table 4.3: Different two-step sintering schedules used in this study. 

Schedule ID Sintering schedule description 

TSS-1 1600 °C-1m-1300 °C-15 h 

TSS-2 1500 °C-1m-1300 °C-15 h 

TSS-3 1450 °C-1m-1300 °C-15 h 

TSS-4 1500 °C-1m-1250 °C-15 h 

TSS-5 1500 °C-1m-1200 °C-15 h 

TSS-6 1500 °C-1m-1100 °C-15 h 

Bar charts indicating average grain size and relative density of sintered samples were represented 

in Fig.4.9and Fig.4.10, respectively. It can be corroborated from the Fig.4.9that, that the 
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averagegrain size increased with an increase in T1 temperature as it is already reported non-

significant grain growth during single step sintering at 1300 °C (Bejugama and Pandey, 2018). 

 

Fig.4.9: Average grain size of samples sintered at different two-step sintering schedules. 

 

Fig.4.10: Relative density of samples sintered at different two-step sintering schedules. 
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It can be understood that higher temperature provides more activation energy for grain boundary 

migration, hence increase in temperature always results in grain growth. At schedule TSS-1 (T1 = 

1600 °C), the grain size of the sample observed to be 2.65 µm with a near full density (98.8±0.5), 

and it is decreased to 1.84 µm at schedule TSS-2 (T1 = 1500 °C) without affecting its density. 

Further decrease in T1 temperature (TSS-3, T1 = 1450 °C) leads to inadequate density (96.8±0.7).  

Now, to understand the effect of T2 temperature, sintering schedules TSS-4 (T2 = 1250 °C), TSS-

5 (T2 = 1200 °C), and TSS-6 (T2 = 1100 °C) were designed by varying T2 temperature with fixed 

T1 temperature at 1500 °C (as near full density with fine grain size was observed at T1=1500 °C 

earlier) as represented in Table 4.3. It was observed that sample sintered at TSS-4 (T2 = 1250 

°C) shown refined grain size (1.57±0.32) with adequate density (98.3±0.5, similar to TSS-2), 

however further decrease in T2 temperature (TSS-5 & TSS-6) resulted in inadequate density. 

4.3.2 Phase analysis of sintered samples: 

XRD patterns of the sintered samples are represented in Fig. 4.11, which shows that all patterns 

are in complete match with tetragonal zirconia phase (ICSD 98-003-0699) except the pattern of 

sample sintered at TSS-1, which contains  0.5% of secondary phase NbCeO4 (ICSD 98-008-

3094) along with tetragonal zirconia phase. 

 

Fig.4.11:  XRD patterns indicating phases present in samples sintered at different two-step 

sintering schedules. 
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4.3.3 Microstructural and mechanical characterization: 

Vickers hardness of the sintered samples is shown in Fig.4.12, the hardness of 1069 HV10 is 

observed at TSS-1, which has increased to 1125 HV10 at TSS-2 because of its finer grain size 

compared to TSS-1 sample. Hardness values have decreased to 935 HV10 at TSS-3 because of 

its poor density as represented in Fig. 4.10. The decrease in T2 temperature to 1250 °C by 

maintaining T1 temperature at 1500 °C in TSS-4 further helped in refining grain size to 1.57 µm 

resulting in a higher hardness of 1175 HV10. Further decrease in T2 temperature failed to 

achieve density leads to lower hardness values. The hardness value obtained in TSS-4 is higher 

( 28-14 %) compared to the previously reported in the literature for similar systems (Bejugama 

and Pandey, 2018; Pandey and Biswas, 2011). 

 

Fig.4.12: Effect of different two-step sintering schedules on Vickers hardness of samples. 

Indentation fracture toughness of the near-full density samples was measured and presented in 

Fig.4.13. Fracture toughness of 6.49 MPa√mis observed for sample sintered at TSS-1, and a 

decreasing trend was found with the increase in hardness values. It is known that fracture 

toughness of zirconia ceramics depends on the transformability of the tetragonal phase, and 
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smaller grains have high resistance to transformation, which leads to a decrease in fracture 

toughness (Bejugama et al., 2019).  

 

Fig. 4.13: Indentation fracture toughness of near full dense samples sintered at different 

sintering schedule. 

Fig. 4.14shows scanning electron microscope images along with grain distribution of samples 

sintered at TSS-1 and TSS-4; itis noted that microstructure refinement was prominent in TSS-4 

with more homogeneous and smaller grain growth compared with TSS-1. Bright regions in Fig. 

4.14(a) represents the NbCeO4 phase, which might be formed due to the reaction between Nb2O5 

and CeO2 at 1600 °C. The phase formation is also supported by the XRD results, as represented 

in Fig. 4.11. 
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Fig.4.14: Scanning electron micrographs showing microstructure and grain distribution of 

samples sintered at (a, c) TSS-1 (b, d) TSS-4 (Arrows indicates NbCeO4 phase). 
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4.4 Summary: 

 Nb2O5 doped ceria stabilized zirconia doped with different amounts of Nb2O5 

nanopowders were produced successfully using the coprecipitation method. 

 Calcination temperature of powders, amount of Nb2O5 and sintering schedule of 

compacts were optimized based on phase, density, microstructure and mechanical 

properties.     

 Addition of Nb2O5 improved the sinterability of ceria stabilized zirconia and helped in 

achieving near full density of samples at temperature 1450 °C in single step sintering 

method. 

 Two-step sintering of Nb2O5 doped ceria stabilized zirconia effectively reduced the grain 

size to 1.57 µm from 2.6 µm observed in single step sintering. 

 The highest hardness of 1175 HV10 along with an optimum fracture toughness of 6.2 

MPa √m was achieved for sample sintered at two-step sintering schedule TSS-4 (1500 °C 

for 1 minute followed by 1250 °C for 15 hours). 

 



 



 

 

Chapter-5 

 

 

 

 

Samarium Oxide Doped Ceria Stabilized Zirconia System 

 

This chapter deals with the synthesis and development of Sm2O3 doped ceria stabilized zirconia 

composite system. Effect of Sm2O3 on physical and mechanical properties of ceria stabilized 

zirconia was described. The synthesized powders were calcined and compacted to pellets. The 

compacted pellets were sintered at different conventional single step (CSS) and two-step 

sintering (TSS) schedules. Optimization of composition and sintering schedule was done based 

on density, microstructure, phases present and mechanical properties of the final product. 

5.1 Powder characterization: 

As described in the chapter-3, the powders of ceria stabilized zirconia with different amounts of 

Sm2O3 were prepared through coprecipitation method and calcined at 1000 °C for 2h in the air to 

convert hydroxide powders into crystalline oxide powders. The calcined powders were analyzed 

for phase using XRD and diffraction patterns were presented in Fig. 5.1. It is observed that the 

patterns are entirely in the match with tetragonal zirconia phase (ICSD 98-002-3396). It indicates 

that Sm2O3 is dissolved in the CSZ and formed a solid solution (ZrO2-CeO2-Sm2O3). 
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Fig. 5.1: XRD patterns of calcined powders of samaria doped ceria stabilized zirconia powders. 

5.2 Conventional single step sintering: 

Four different sintering schedules (1450 °C to 1600 °C) as represented inTable 5.1were chosen 

to sinter the samples in an air atmosphere. After sintering, samples were characterized for 

physical, microstructural and mechanical properties. 

Table 5.1: Conventional single step sintering schedules used in this study. 

 

 

 

 

 

5.2.1 Effect of sintering schedule, samaria content on density and grain size: 

Relative density and average grain size of the sintered samples were presented in Fig. 5.2 & Fig. 

5.3,respectively. Increase in sintering temperature has shown enhanced densification and 

Schedule 

ID 

Sintering schedule 

description 

CS-1 1450°C for 3 h 

CS-2 1500°C for 3 h 

CS-3 1550°C for 3 h 

CS-4 1600°C for 3 h 
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increased grain size irrespective of sample composition. It is known that high temperature 

provides more activation energy for both grain boundary diffusion and grain boundary migration, 

hence increasing the temperature always accompanied by more grain growth. Therefore, the 

increasing trend of grain size was observed with the increasing temperature irrespective of the 

dopant concentration. However, it is interesting to note that samaria content helped in improving 

density. A notable improvement in density for CSZ specimens was observed with the increase in 

samaria content irrespective of sintering schedules (Fig. 5.2). Addition of samaria to the zirconia 

will distort the crystalline structure of zirconia leading to the formation of defects, as Sm+3 ionic 

radius is greater than Zr+4 and Ce+4 and also samaria being aliovalent to zirconia has created 

some oxygen (anion) vacancy (defect), as shown in equation 5.1, these defects enhance the 

solid-state diffusivities during sintering, which might have helped in improving density (Yang et 

al., 2004). 

                                             𝑆𝑚2𝑂3
𝑍𝑟𝑂2
→  2𝑆𝑚𝑍𝑟

′ + 𝑉𝑜
˙˙ + 3𝑂𝑜

𝑋                                               (Eq. 5.1) 

It is evident from Fig. 5.3that the average grain size of the samples decreases with the increase in 

samaria content up to 1 mol.% and beyond this grain size increases. 
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Fig. 5.2: The relative density of (0-1.5 mol. %) SmCSZ specimens sintered at different single-

step sintering schedules. 

 

Fig. 5.3: Average grain sizes of (0-1.5 mol. %) SmCSZ specimens sintered at different single-

step sintering schedules. 

 

The suppression of grain growth with the addition of samaria is related to the segregation of 

dopant ions (Sm3+) at the grain boundary during sintering. At high temperature the CSZ-Sm2O3 

solid solution decomposes, Sm2O3 separates from the CSZ. As the grain boundary in tetragonal 

stabilized zirconia (TZPs) is positively charged, the lower valency cations (i.e. Sm3+ ) attract 

towards the grain boundary and forms a negative space charge layer as described in Fig. 

5.4during sintering (Hwang and Chen, 1990; Lakusta et al., 2018). The drag force caused by 

these dopant ions present at grain boundaries retards the grain boundary mobility and restricts its 

growth (Hwang and Chen, 1990).  

As the sintering proceeds, a secondary cubic phase was formed at the grain boundaries due to the 

reaction between zirconia, ceria and samaria (Fig. 5.5(b,c,d)), which also helped in restricting 

the grain growth by pinning the grain boundary (Zhang et al., 2018a). The EDS analysis of bright 

spots (secondary phase) represented in Fig. 5.6revealed the presence of an increased amount of 
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Sm+3 (>6.37 wt. %) and Ce+4 (> 20.22 wt.%) compared to tetragonal zirconia grains; it is well 

known that increase in stabilizer content in zirconia leads to the stabilization of cubic phase. 

 

Fig. 5.4:The scheme of the samarium oxide additive influence on the sintering process of CSZ. 

An increasing amount of samaria beyond 1.5 mol.% lead to the segregation of the secondary 

phase and get agglomerated to form larger grains. The possibility of grain growth beyond 1.5 

mol% samaria addition can further be supported with the fact that grain growth of cubic zirconia 

is much faster than that of tetragonal zirconia, as reported elsewhere (Allemann et al., 1995). 
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Fig. 5.5:SEM images of a) CSZ b) 0.5SmCSZ c) 1SmCSZ d) 1.5SmCSZ samples conventionally 

sintered at 1500 °C for 3 h. Arrowheads are indicating the cubic phase. 

 



Chapter 5                                            Samarium Oxide Doped Ceria Stabilized Zirconia System 

76 
 

 

Fig. 5.6:EDS analysis of different regions of 1.5SmCSZ samples sintered at 1500 °C for 3 h. 

5.2.2 Phase analysis of the sintered sample: 

XRD patterns of different specimens sintered at 1500 °C for 3 hours are shown in Fig. 5.7. The 

phase analysis revealed that the undoped sample contains only tetragonal zirconia phase and 

samaria doped samples contain tetragonal zirconia along with cubic zirconia phase. The peaks 

with 2θ values 30.04, 34.39, 35.01, 42.70, 49.85, 50.31, 58.84, 59.67, 62.31, 72.36, 73.85 were 

identified as tetragonal zirconia peaks and 29.66, 49.36, 61.82, 80.03 were identified as cubic 

zirconia peaks. 

The phase fractions associated with each pattern were analyzed using the Rietveld method. The 

details of phases, its quantity, and associated Rietveld refinement parameters were presented in 

Table 5.2for specimen sintered following schedule CSS-2. An increasing trend of cubic phase 

was observed, from 0% in 0SmCSZ to 27.7% in 1.5SmCSZ. A massive increase in cubic phase 

content (9.4% to 27.7%) was observed with the increase of samaria from 1 mol% to 1.5 mol%. 

As samaria is a strong zirconia stabilizer (Gurushantha et al., 2016; Hartmanová et al., 2007; 

Ouyang et al., 2016) (only 4 mol.% of samaria is sufficient to stabilize tetragonal phase of 
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zirconia), the addition of samaria to tetragonal CSZ has expectedly stabilized cubic phase of 

zirconia. 

 

Fig. 5.7: XRD patterns representing the phases in samples sintered conventionally at 1500 °C. 

 

Table 5.2. Quantification of phase using Rietveld refinement technique of (0-1.5 mol. %) SmCSZ 

specimens sintered using CSS-2. 

Sintering 

Schedule 
Sample Monoclinic Tetragonal Cubic 

Refinement Parameters 

R 

expected 

R 

profile 

Wt. R 

Profile 

GOF 

CS-2 

0SmCSZ 0 100 0     

0.5SmCSZ 0 94.9 5.1 7.805 7.551 9.510 1.484 

1SmCSZ 0 90.6 9.4 7.813 7.398 9.770 1.563 

1.5SmCSZ 0 72.3 27.7 7.876 8.495 10.632 1.821 
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5.2.3 Vickers hardness measurement: 

Fig. 5.8shows Vickers hardness of the sintered specimens with various composition sintered at 

different schedules. It is evident that the hardness values increase with the amount of samariaup 

to 1 mol.% irrespective of the sintering schedule used for near full dense specimens. Maximum 

hardness up to 1050 HV10 was achieved for sample doped with 1 mol.% samaria sintered using 

CSS-2 schedule. The schedule offered near full density (98.4±0.5%) with finer grain size (1.8 

μm). On the other hand, the highest hardness of 915 HV10 was observed for the undoped sample 

(0SmCSZ) using a different schedule, i.e., CSS-4. 

 

Fig. 5.8: Vickers hardness of samples sintered at different conventional single-step sintering 

schedules. 

5.2.4 Indentation fracture toughness measurement: 

Indentation fracture toughness of the sintered samples is represented in Fig. 5.9. As expected, 

toughness decreases with the increase in hardness, irrespective of sintering schedule and 

composition. Numerous studies have shown that reducing grain size will increase the stability of 

tetragonal zirconia (Turon-Vinas et al., 2018; Zhang et al., 2018a). As fracture toughness is 
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associated with the transformability of tetragonal zirconia, it will decline with the decrease in 

grain size. Lange (Lange, 1982) have given a thermodynamic equation to observe the grain size 

effect on transformability of tetragonal zirconia. According to Lange as described in the chapter 

2, section 2.4 the total free energy per unit volume required for tetragonal to monoclinic phase 

transformation primarily depends on surface energy, chemical free energy, and strain energy. 

The surface energy (ΔUs) can be increased with decreasing grain size and increased surface 

energy reduces the t-m transformability.  

As it is observed, increasing samaria content, decreasing the grain size, which increases ΔUs 

thereby decreasing t-m transformation and accordingly resulted in reduced fracture toughness.  

 

Fig. 5.9: Indentation fracture toughness of samples sintered at different conventional single-step 

sintering schedules. 
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5.3 Effect of two-step sintering on SmCSZ: 

In order to control the grain size of sintered samples further, two-step sintering method was 

adopted, and different sintering schedules were designed by varying T1 and T2 temperatures. The 

sintering schedule was optimized based on density, microstructure and mechanical properties of 

the sintered sample. 

5.3.1 Optimization of two-step sintering schedule: 

As represented in Table 5.3, three different two-step sintering schedules were used to sinter 

samples. In these sintering schedules, T1 temperate was fixed at 1500 °C, as densification of the 

samples is prominent without much grain growth at this temperature in conventional single-step 

sintering, and it is expected that grain migration will be active at this temperature. T2 was varied 

from 1400 °C to 1300 °C to know where the grain diffusion is more active to get the samples to 

densify by restricting grain migration. Initially, samples were sintered at 1500 °C for 1 h and 

1400 °C for 2 h (TSS-1), but at this schedule, neither effective grain size reduction nor 

densification of the samples was observed. It is because of allowing more dwell time at T1 and 

short dwell time at T2. Then T1 dwell time was reduced to 1 minute and T2 temperature to 1300 

°C for 12 h (TSS-2), at this schedule grain size reduction is more prominent (i.e., T1 is 

sufficient). However, samples were not fully densified (T2 is insufficient). Again, T2 temperature 

increased to 1350 °C without changing other parameters (TSS-3) to improve the densification. 

At this schedule, samples 1SmCSZ and 1.5SmCSZ achieved near full density with finer grain 

size.  

Table 5.3. Relative densities and grain sizes of (0-1.5 mol. %) SmCSZ sintered following 

different two-step sintering schedules.  

 

Schedule 

ID 

Sintering 

Schedule 

Relative Density (%) Average Grain size (µm) 

0 Sm 0.5 Sm 1 Sm 1.5 Sm 0 Sm 0.5 Sm 1 Sm 1.5 Sm 

TSS-1 
1500°C-1 h- 

1400 °C -2 h 
94.4±0.8 95.3±0.6 97.2±0.5 97.8±0.2 2.25 1.33 1.07 1.12 

TSS-2 
1500°C -1 min-

1300°C -12 h 
94.1±0.4 94.8±0.6 96.8±0.5 97.6±0.4 1.2 0.82 0.61 0.72 

TSS-3 
1500°C -1min-

1350°C -12 h 
94.8±0.5 96.9±0.3 98.2±0.6 98.9±0.4 1.23 0.84 0.64 0.76 
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Relative density, along with the average grain size of the samples sintered using two-step 

sintering schedules was also represented in Table 5.3. A similartrend, as observed in 

conventional single-step sintering, was observed in densification and grain size reduction of the 

samples with an increase in samaria content. The finer grain size of 0.65 µm with a near full 

density (98.2±0.6 %) was achieved for 1SmCSZ at schedule TSS-3, which is the smallest grain 

size ever reported in the literature for CSZ system (Vleugels et al., 2004; Zhang et al., 2018b, 

2017). 

5.3.2 Phase analysis of the sintered samples: 

Fig. 5.10showsthe XRD patterns of the samples sintered using TSS-3, phases were indexed and 

quantified using Rietveld refinement method and presented in Table 5.4along with refinement 

parameters. The amount of cubic phase is decreased to 1, 6.2, and 13 % compared with 5.1, 9.4, 

and 27.7 % observed in a conventional single step for the samples 0.5SmCSZ, 1SmCSZ, and 

1.5SmCSZ respectively. This decrease in cubic phase content helped in restricting the 

agglomeration of secondary phase precipitates to form larger grains, thereby allowing more 

homogeneous distribution of precipitates along the grain boundaries.  

 

Fig. 5.10: XRD patterns representing the phases in samples sintered at TSS-3. 
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Table 5.4. Quantification of phase using Rietveld refinement technique of (0-1.5 mol. %) SmCSZ 

specimens sintered using TSS-3. 

Sintering 

Schedule 
Sample Monoclinic Tetragonal Cubic 

Refinement parameters 
R 

expected 

R 

profile 

Wt. R 

Profile 

GOF 

TSS-3 

0sm 0 100 0     

0.5sm 0 99 1 8.5451 7.3269 9.1671 1.1508 

1sm 0 93.8 6.2 9.5060 7.6868 9.5925 1.0182 

1.5sm 0 87 13 8.2601 7.2970 9.1028 1.2144 

 

5.3.3 Microstructural analysis: 

The scanning electron micrographs of the polished samples sintered using TSS-3 schedule were 

represented in Fig.5.11. As expected, a significant microstructural refinement was observed in 

the samples sintered using two-step sintering. The microstructure of samples shows the finer 

grains with more homogeneous distribution as compared to conventional sintering schedules. 

The average grain size of 1.23 µm, 0.84 µm, 0.64 µm and 0.76 µm observed for the samples 

0SmCSZ, 0.5SmCSZ, 1SmCSZ, and 1.5SmCSZ respectively, which is approximately 50 % less 

than the average grain size found at CSS-2. 
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Fig. 5.11: SEM images of a) CSZ b) 0.5SmCSZ c) 1SmCSZ d) 1.5SmCSZ samples sintered using 

TSS-3. 

5.3.4 Vickers hardness and indentation fracture toughness measurement: 

Fig. 5.12shows Vickers hardness of the two-step sintered samples. A remarkable improvement 

of hardness value to 1288 HV10 was achieved for 1SmCSZ using TSS-3. The obtained hardness 

value is 22.6 % higher than the sample sintered using a conventional sintering process and also 

higher than reported values the on CSZ elsewhere (Bejugama and Pandey, 2018; Pandey and 

Biswas, 2011; Zhang et al., 2018a). The improvement can mainly be attributed to the effective 
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reduction in average grain size in two-step sintering schedule along with the solute drag 

mechanism by offered by Sm2O3 addition [21,25]. 

 

Fig. 5.12: Vickers hardness of samples sintered at different two-step sintering schedules. 

 

As discussed in the conventional singles step sintering, the fracture toughness of the samples 

shows anopposite trend from the hardness values as represented in Fig. 5.13. A toughness of 

5.37 MPa.m1/2is observed for the sample 1SmCSZ at TSS-3. 
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Fig. 5.13: Indentation fracture toughness of samples sintered at different two-step sintering 

schedules. 

5.4 Summary: 

 Sm2O3 doped ceria stabilized zirconia doped with different amounts of Sm2O3 

nanopowders were produced successfully using the coprecipitation method. 

 Amount of Sm2O3 and sintering schedule of compacts were optimized based on density, 

microstructure, phases present, and mechanical properties. 

 Addition of Sm2O3 to CSZ improved the densification and helped in restricting the grain 

growth of CSZ by solute drag mechanism.  

 Two-step sintering of the compacts further inhibited the grain growth and assistedin the 

useful microstructure refinement of Sm2O3 doped CSZ.  

 An optimum combination of 1288 HV10 Vickers hardness with 5.37 MPa.m1/2 fracture 

toughness is achieved for sample doped with 1 mol.% Sm2O3 sintered at 1500 °C for 1 

minute followed by 1350 °C for 12 h.  



 

 

Chapter-6 

 

 

 

 

Tribology and In-vitro biological characterization 
 

This chapter devoted to the evaluation of tribological properties such as specific wear rate, 

coefficient of friction and wear mechanism of niobia doped ceria stabilized zirconia (NbCSZ), 

and samaria doped ceria stabilized zirconia (SmCSZ). The biological characterization such as 

low-temperature degradation behaviour, bioactivity and cytocompatibility of the niobia doped 

ceria stabilized zirconia, and samaria doped ceria stabilized zirconia were also studied. 

6.1 Pin on disc wear test: 

As described in chapter 3, the pin on disc wear setup was used to determine the tribological 

properties of NbCSZ and SmCSZ. The wear depth and coefficient of friction plots were drawn, 

the specific wear rate and average co-efficient of friction (µ) were calculated for the samples at 

each test load. The results are compared with the conventionally sintered undoped ceria 

stabilized zirconia. 

6.1.1 Ceria stabilized zirconia system: 

The change in wear depth and co-efficient of friction with time during the pin on disc wear test 

of CSZ sample were plotted and presented in Fig. 6.1. It can be seen that the wear depth is 

significantly increasing and the coefficient of friction is decreasing with the increase in load. A 

wear depth of 96 μm was observed for the sample tested at 30 N load and which is increased to 

198 μm at 50 N load. The specific wear rate (SWR) and average co-efficient of friction (μ) were 

calculated and summarized in Table 6.1.  
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Fig.6.1: Comparative plots of a) Wear depth b) Co-efficient of friction of CSZ specimen at 

different loads. 

The worn surfaces of samples were observed under a scanning electron microscope to 

understand the severity of damage and wear mechanisms. The micrographs were presented in 

Fig. 6.2.The presence of deeper grooves, grain pullouts and fractured grains can be observed 

from the micrographs (Fig. 6.2). The frequency of grain pullouts and fractured grains were more 

at 50 N load compared to 30 N as evident from Fig. 6.2. The possible reason for grain pullouts 

probably because of the increase in surface roughness due to volume change accompanied by the 

stress-induced transformation of tetragonal to monoclinic phase (Basu et al., 2002). 

Table 6.1: Average coefficient of friction and the specific wear rate of CSZ specimens at 

different test loads. 

Sample 
Test 

Load 
Average µ 

Specific wear rate 

(mm3/N-m) 

CSZ 

30 N 0.33 1.1x10-4 

40 N 0.31 1.3x10-4 

50 N 0.30 1.5x10-4 
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The debris generated due to grain pullouts acts as a third body between the sample and counter 

body resulting in increased abrasive wear (deeper grooves observed in Fig. 6.2 are evident for 

abrasive wear) (Jansen et al., 1998). The grain pullouts, along with increased abrasive wear, 

caused the severe wear damage in CSZ samples.  

 

Fig.6.2: Scanning electron micrographs of worn surfaces of CSZ at a) 30 N, b) 50 N test loads 

(Inset images indicates enlarged micrographs). 

 

 

6.1.2 Niobia doped ceria stabilized zirconia system: 

The plots showing wear depth and co-efficient friction of NbCSZ are presented in Fig. 6.3. A 

maximum wear depth of 65 μm was observed for the sample tested at 30 N load and which is 

increased to 142 μm at 50 N load. The specific wear rate (SWR) and average co-efficient of 

friction (μ) were calculated and summarized in Table 6.2. The specific wear rate is decreased by 

a percentage of 33%, 36%, 40% for a test load of 30 N, 40 N and 50 N respectively in 

comparison with CSZ samples.  
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Fig.6.3: Comparative plots of a) Wear depth b) Co-efficient of friction of NbCSZ specimen at 

different loads. 

 

Table 6.2: Average coefficient of friction and the specific wear rate of NbCSZ specimens at 

different test loads. 

Sample Test 

Load 
Average µ Specific wear rate 

(mm3/N-m) 

NbCSZ 

30 N 0.318 7.3x10-5 

40 N 0.302 8.2x10-5 

50 N 0.294 8.9x10-5 

 

SEM images of NbCSZ samples tested at 30 N load represented in Fig. 6.4 shows only a few 

grain pullouts and no evidence of fractured grains, whereas at 50 N load more grain pullouts 

were observed along with some fractured grains. 

The results indicate that for a particular experimental condition, the extent of wear damage is less 

for NbCSZ compared to CSZ. The wear resistance is significantly increased in the case of 

NbCSZ irrespective of test loads. The increase in wear resistance of NbCSZ might be attributed 

to its improved hardness and decreased grain size (Bejugama and Pandey, 2018). 
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Fig.6.4: Scanning electron micrographs of worn surfaces of NbCSZ at a) 30 N, b) 50 N test 

loads (Inset images indicates enlarged micrographs). 

 

6.1.3 Samaria doped ceria stabilized zirconia system: 

Wear depth and co-efficient of friction plots of SmCSZ samples represented in Fig. 6.5 clearly 

shows the improved tribological properties compared to both CSZ and NbCSZ specimens. A 

maximum wear depth of only 35 μm was observed for the sample tested at 30 N load and which 

is increased to 72 μm at 50 N load. The specific wear rate (SWR) and average co-efficient of 

friction (μ) were calculated and summarized in Table 6.3. It can be seen that lower co-efficient 

of friction values were observed for SmCSZ samples compared to CSZ & NbCSZ samples at a 

particular load. The specific wear rate is decreased by a percentage of 59 %, 63 %, 61 % for a 

test load of 30 N, 40 N and 50 N respectively in comparison with CSZ samples, which indicates 

the better wear resistance of SmCSZ samples. The increase in wear resistance of the SmCSZ 

sample is attributed to its fine grain size and high hardness (Bejugama et al., 2019). 
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Fig.6.5: Comparative plots of a) Wear depth b) Co-efficient of friction of SmCSZ specimen at 

different loads. 

 

Table 6.3: Average coefficient of friction and the specific wear rate of SmCSZ specimens at 

different test loads. 

Sample Test 

Load 

Average µ Specific wear rate 

(mm3/N-m) 

SmCSZ 

30 N 0.27 4.5x10-5 

40 N 0.26 4.7x10-5 

50 N 0.24 5.8x10-5 

 

The SEM images of the worn surface of the SmCSZ sample shown negligible damage at 30 N 

(Fig. 6.6(a)) and there were only a few grain pullouts observed at 50 N (Fig. 6.6(b)) load and no 

fractured grains were seen, which confirms that only mild wear occurred in the sample and it can 

be noted that SmCSZ can work in even more severe conditions. The absence of grain fracture in 

SmCSZ may be attributed to the improved tetragonal phase stability due to its finer 

microstructure. 
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Fig.6.6: Scanning electron micrographs of worn surfaces of SmCSZ at a) 30 N b) 50 N test loads 

(Inset images indicates enlarged micrographs). 

 

6.2 Accelerated Hydrothermal aging: 

As described in chapter 3, accelerated hydrothermal aging study was conducted on the optimized 

samples to understand the low-temperature degradation behaviour of ceria stabilized zirconia, 

Niobia doped ceria stabilized zirconia, and samaria doped ceria stabilized zirconia. The samples 

undoped CSZ sintered at 1600 °C for 3 hours, NbCSZ sintered at 1500 °C for 1 minute followed 

by 1250 °C for 15 hours and SmCSZ sintered at 1500 °C for 1 minute followed by 1350 °C for 

12 h were chosen for the accelerated aging study. A commercially available yttria-stabilized 

zirconia ceramic sintered at 1450 °C for 3 hours was also tested along with the samples for 

comparison purposes. 

6.2.1 Effect of hydrothermal aging on yttria-stabilized zirconia ceramics:  

X-ray diffraction patterns of hydrothermal tested yttria-stabilized zirconia samples for a specified 

hour of treatment were presented in Fig. 6.7. It is observed that a significant amount of increase 

in the monoclinic phase (from 47.7 % from the initial 6 %) was observed in the YSZ sample only 

after 10 hours of hydrothermal treatment. The monoclinic phase increased further with the 

duration of the hydrothermal study, as represented in Fig. 6.7. As discussed in the literature 

(Section 2.6), the volume expansion involved in tetragonal to monoclinic phase transformation 

(~ 4%) caused the formation of microcracks, surface upliftment, and in turn grain pullouts as 
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evident from the SEM image shown in Fig. 6.8 (b & c) (Sato et al., 1986; Tsukuma et al., 1983; 

Watanabe et al., 1983). The reason for low-temperature degradation in YSZ is due to the 

presence of yttria as a stabilizer or the annihilation of oxygen vacancies (responsible for 

tetragonal stabilization in YSZ) as discussed in chapter 2. The oxygen vacancy in YSZ lattice 

can be seen from the following Kröger–Vink equation. 

𝑌2𝑂3
𝑍𝑟𝑂2
→    2𝑌𝑍𝑟

′ + 3𝑂𝑜
𝑥 + 𝑉𝑜

..     (6.1) 

 

Fig. 6.7: XRD patterns of YSZ sample along with monoclinic fraction after different durations of 

hydrothermal treatment. 

 

Fig. 6.8: SEM images of hydrothermally treated 3YSZ samples indicating the extent of surface 

damage after a) 0-hour b) 40 hours c) 150 hours of treatment. 
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6.2.2 Effect of hydrothermal treatment on ceria stabilized zirconia: 

The XRD patterns of the CSZ sample at specified intervals of hydrothermal aging were 

presented in Fig. 6.9. Expectedly, CSZ did not show any phase change and retained its tetragonal 

phase even after 200 hours of accelerated aging. It is the absence of oxygen vacancies, which 

made CSZ more resistant to LTD (Pandey and Biswas, 2014). It is known that the stabilization of 

high-temperature phases in ceria stabilized zirconia is different from YSZ and oxygen vacancies 

has no role in the stabilization of CSZ (Li et al., 1994b). SEM images of hydrothermal treated 

CSZ samples are presented in Fig. 6.10, there is no surface damage observed even after 200 

hours of treatment, and these results are also in agreement with XRD analysis. 

 

Fig. 6.9: XRD patterns of CSZ samples indicating phases present after different durations of 

hydrothermal treatment. 
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Fig. 6.10: SEM images of hydrothermally treated CSZ samples indicating the extent of surface 

damage after a) 0-hour b) 40 hours c) 200 hours of treatment. 

6.2.3 Effect of hydrothermal treatment on Niobia doped ceria stabilized zirconia: 

Similar results, as observed in CSZ samples after hydrothermal treatment, were also found in 

NbCSZ samples. XRD patterns of NbCSZ samples after different hours (up to 200 hours) of 

hydrothermal treatment as represented in Fig.6.11 did not show any traces of monoclinic phase, 

which confirms the high resistance of NbCSZ to low-temperature degradation. 

 

Fig. 6.11: XRD patterns of NbCSZ samples indicating phases present after different durations of 

hydrothermal treatment. 
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As discussed in the earlier section, the reason for the resistance to LTD is the absence of oxygen 

vacancies in the NbCSZ lattice. The SEM images of hydrothermal tested sample surfaces were 

also taken to support the XRD results and presented in Fig. 6.12; SEM images did not show any 

surface damage like surface uplifts or grain pullouts. 

 

Fig. 6.12: SEM images of hydrothermally treated NbCSZ samples indicating the extent of 

surface damage after a) 0-hour b) 40 hours c) 200 hours of treatment. 

 

6.2.4 Effect of hydrothermal treatment on Samaria doped ceria stabilized zirconia: 

The XRD patterns of the SmCSZ sample at specified intervals of hydrothermal aging were 

presented in Fig. 6.13. Interestingly, SmCSZ also did not show any phase changes even after 200 

hours of accelerated aging. It can be noted that the SmCSZ contains cubic and tetragonal zirconia 

phases as indexed in Fig. 6.13 before hydrothermal treatment. However, the cubic and tetragonal 

phases retained, and no monoclinic phase transformation was observed in the SmCSZ sample 

after aging(Fig. 6.14). Even though, SmCSZ contains oxygen vacancies (equation 6.2), which 

are introduced by doping Sm2O3 into CSZ, the quantity of oxygen vacancies are very low, and 

they are not entirely responsible for stabilization (Turon-Vinas et al., 2018). The scanning 

electron micrographs (Fig. 6.15) are also in support with the XRD results and did not show any 

surface damage even after 200 hours of hydrothermal treatment. Hence, the accelerated 

hydrothermal aging study of SmCSZ concludes that the material is highly resistant to low-

temperature degradation. 

                                             𝑆𝑚2𝑂3
𝑍𝑟𝑂2
→  2𝑆𝑚𝑍𝑟

′ + 𝑉𝑜
˙˙ + 3𝑂𝑜

𝑋                                                    (6.2) 
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Fig. 6.13: XRD patterns of SmCSZ samples indicating phases present after different durations of 

hydrothermal treatment. 
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Fig. 6.14: XRD patterns of SmCSZ samples after Rietveld refinement a) before and b) after 200 

hours of hydrothermal treatment. 
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Fig. 6.15: SEM images of hydrothermally treated SmCSZ samples indicating the extent of 

surface damage after a) 0-hour b) 40 hours c) 200 hours of treatment. 

 

6.3 Osteo-conductivity or bioactivity study: 

The samples' bioactivity was generally evaluated through the ability of apatite layer formation on 

the surface when immersed in a Simulated Body Fluid (SBF). The SBF solution was prepared by 

dissolving the reagents mentioned in chapter 3, section 3.6.4.2 in 1000 ml of distilled water, as 

described by kokubo et al. (Kokubo and Takadama, 2006). Before immersing the samples in 

SBF, one set of samples were kept in 5M H3PO4 solution at 90 °C for 4 days; after that, samples 

were taken out of the solution, cleaned with distilled water, dried at room temperature. Then the 

untreated and chemical treated samples were placed in polypropylene beakers, SBF solution was 

added into them and placed inside an incubator, which maintains a constant temperature of 36.5 

°C. After every alternate day, the SBF was replaced with a fresh one, and the samples were taken 

out after 7 days for characterization. After taking out, the samples were gently washed with 

distilled water and dried in a desiccator. The dried samples were characterized for phase and also 

observed under SEM. 

SEM micrographs of SBF immersed samples were shown in Fig. 6.16. It is observed that there is 

no layer formation on untreated CSZ, NbCSZ and SmCSZ samples (Fig. 6.16 (a, b, c)), whereas 

cauliflower-like mineral layer deposition of considerable thickness was observed in 5M H3PO4 

treated samples (Fig. 6.16 (d, e, f)). The formed layer's chemical analysis was carried through 

EDS and presented in Fig. 6.16 (g, h, i). The Ca/P (wt.%) ratio of the layer was calculated and 

found to be 1.61±0.04 for the treated CSZ sample, 1.71±0.06 for treated NbCSZ samples and 

1.67±0.04 for the treated SmCSZ sample, which confirms that the formed layer is hydroxyapatite 

(Ca/P ratio of hydroxyapatite is ~1.67). The XRD analysis of chemical treated and SBF 
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immersed samples represented in the Fig. 6.17 also confirms the presence of hydroxyapatite 

phase (HAP). The functional groups like Si-OH, Ti-OH, Zr-OH, or Ta-OH are expected to acts 

as nucleating sites for apatite formation in bioactive ceramics (Nakamura and Inuzuka, 2011; 

Uchida et al., 2002b, 2001). As untreated zirconia doesn’t have any -OH groups on its surface, it 

will not induce an apatite layer when immersed in SBF solution. However, chemical treatment 

with 5M H3PO4 at 90 °C induces Zr-OH bonds on the surface, later when immersed in SBF these 

Zr-OH functional sites acted as nucleating sites for apatite formation as described in the chapter 

2, section 2.14(Aguiar et al., 2008; Uchida et al., 2002a). 
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Fig. 6.16: The SEM images of SBF immersed (a, b, c) Untreated samples, (d, e, f) 5M H3PO4 

treated samples, (g, h, i) EDS analysis of treated samples. 
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Fig. 6.17: XRD patterns of SBF immersed 5M H3PO4 treated samples indicating hydroxyapatite 

phase. 

6.4 Invitro cellular response of developed materials: 

Invitro cell culture study was conducted to understand the toxic behaviour of material on the 

human osteoblast-like cells. The Scanning electron microscope was used to analyze the cell 

attachment and its morphology on the surface of the samples. Cellular metabolic activity assay 

(MTT assay) was conducted to understand the proliferation and viability of cells on the samples. 

6.4.1 Cell attachment and morphology: 

The surface of the samples seeded with MG 63 cells (human osteoblast-like cells) was observed 

under a scanning electron microscope for cell morphology and attachment. The micrographs 

representing typical morphology of attached human osteoblast-like cells after 1 and 7 days of 

culture are shown in Fig. 6.18, Fig. 6.19 and Fig 6.20for CSZ, NbCSZ and SmCSZ samples, 

respectively. All the three substrates support intimate cellular attachment to the substrate by 

cellular extension and continuous growth of cells. It is observed that the cells retained their 

typical polygonal morphology with some variations due to the underlying surface topography as 

described by Herath et al. (Herath et al., 2015). The cells on the surface were connected to each 

other and spread most of the sample surface after seven days of incubation and also colonized 

multilayered cells with numerous cell-cell contacts were observed. Similar morphological 
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features for osteoblast cells were seen on all samples (CSZ, NbCSZ and SmCSZ ceramics). A 

significant increase in cell density can be seen in day 7 sample compared to day 1 sample, which 

confirms the active proliferation of cells. 

 

Fig. 6.18: SEM images indicating cell morphology and proliferation on CSZ sample, (a & b) 

SEM image of sample surface after 1 day of culture. (c & d) SEM image of sample surface after 

7 days of culture (inset image indicates a magnified view of sample). 
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Fig. 6.19: SEM images indicating cell morphology and proliferation on NbCSZ sample, (a & b) 

SEM image of sample surface after 1 day of culture. (c & d) SEM image of sample surface after 

7 days of culture (inset image indicates a magnified view of sample). 
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Fig. 6.20: SEM images indicating cell morphology and proliferation on SmCSZ sample, (a & b) 

SEM image of sample surface after 1 day of culture. (c & d) SEM image of sample surface after 

7 days of culture (inset image indicates a magnified view of the sample). 
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6.4.2 Cellular metabolic activity assay: 

Cell metabolic activity and viability of MG63 cells on samples (CSZ, NbCSZ & SmCSZ) were 

measured by performing MTT assay on samples and control (empty well) incubated for 1, 4, and 

7 days. 

 

Fig.6.21: MTT assay plot representing the absorbance values of CSZ, NbCSZ, SmCSZ sample 

and control. 

Fig. 6.21 represents the absorbance values of NbCSZ sample and control; there was no 

significant difference observed between samples and control, and more than 95% cell viability 

(absorbance of sample to the absorbance of control) was observed when compared with control. 

Also, an increasing trend was seen in absorbance values with the increase in the number of days. 

A similar trend was also observed in case of yttria-stabilized zirconia (Lee et al., 2016; Pandey et 

al., 2013) and ceria stabilized zirconia (Pandey and Biswas, 2014) in literature, which confirms 

that the cells are metabolically active and proliferating on the material. Therefore, it can be 

assumed that the addition of Nb2O5 or Sm2O3 to CSZ did not induce any undesirable effects on 

cell proliferation. As per the ISO 10993-5:2009 standard “biological evaluation of medical 

devices: tests for in vitro cytocompatibility”, if the cell viability of the material is more than 

70%, then the material can be considered as cytocompatible. Overall, the results confirm that the 

NbCSZ material is biocompatible and also, not leaching any cytotoxic material, indicating its 

potential for usage as implants. Overall, the results indicate that the NbCSZ and SmCSZ 
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ceramics are cytocompatible and also, not leaching any toxic material, indicates its potential for 

usage as implant materials. 

6.5 Summary: 

 The pin on disc wear test successfully conducted on the CSZ, SmCSZ and NbCSZ 

samples and tribological properties were compared. 

 NbCSZ and SmCSZ samples were shown better wear resistance compared to CSZ. 

 The Accelerated hydrothermal aging is conducted to understand the low-temperature 

degradation behaviour of NbCSZ, SmCSZ samples and results were compared with the 

YSZ samples. 

 The Accelerated aging studies have shown high resistance to low-temperature 

degradation for NbCSZ and SmCSZ samples. 

 5M H3PO4 treated CSZ, NbCSZ, SmCSZ samples shown enhanced bioactivity compared 

with the untreated samples. 

 Invitro cell-culture studies were conducted on samples by culturing MG 63 cells on the 

surfaces of NbCSZ and SmCSZ. 

 Cellular metabolic activity assay (MTT assay) and Scanning electron micrographs of 

samples with cells did not show any toxic effects and revealed active proliferation of 

cells. 
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Summary, conclusions and scope for future work 
 

This chapter summarizes the significant findings and concludes the outcomes of the research 

work carried out and also presents the scope for future work. 

7.1 Powder synthesis: 

Nanopowders of Ceria stabilized zirconia (CSZ), Niobia doped ceria stabilized zirconia 

(NbCSZ), and Samaria doped ceria stabilized zirconia (SmCSZ) are synthesized through co-

precipitation synthesis. The co-precipitated powders (hydroxides) are amorphous in nature, 

contains bonded water molecules and volatile impurities. Calcination is required to convert these 

powders into crystalline oxide powder. The calcination removes water and volatile matters, and 

breaks the hydroxide bonds, converts them into oxide powders. The crystallite size of the 

powders depends on the calcination temperature. The calcination temperature of powders is 

optimized based on the relative density, grain size and mechanical properties of sintered product. 

7.2 Compaction and sintering: 

The powders are mixed with a binder and compacted to different sizes of circular pellets using a 

uniaxial hydraulic press. The compacted pellets are sintered using conventional single step and 

two-step sintering schedules. The composition of powders and sintering schedule of the samples 

are optimized based on the phases present, relative density, microstructure and mechanical 

properties.  

7.3 Effect of Niobia doping on ceria stabilized zirconia: 

The addition of Niobia to ceria stabilized zirconia improved the sinterability by creating defects 

in the lattice and decreased the sintering temperature of ceria stabilized zirconia to 1450 °C, 

which refined the microstructure and improved the mechanical properties. The average grain size 

of 2.6±0.93 µm along with a hardness of 1047±20 HV10 and fracture toughness of 6.2±0.5 

Mpa.m1/2 is achieved for 1 mol.% Niobia doped ceria stabilized zirconia sintered at 1450 °C for 

3 hours. 

7.4 Effect of two-step sintering on Niobia doped ceria stabilized zirconia: 
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Different sintering schedules are used to sinter NbCSZ samples, and sintering schedule is 

optimized based on relative density, microstructure and mechanical properties of the sintered 

sample. The two-step sintering of Nb2O5 doped ceria stabilized zirconia effectively reduced the 

grain size to 1.57 ± 0.54 µm from 2.6± 0.93 µm observed in single step sintering.The highest 

hardness of 1175 ± 18 HV10 along with an optimum fracture toughness of 6.2 ± 0.5 MPa m1/2 

was achieved for sample sintered at 1500 °C for 1 minute, followed by 1250 °C for 15 hours. 

7.5 Effect of Samaria doping on ceria stabilized zirconia: 

Addition of Sm2O3 to CSZ improved the densification by inducing defects in the lattice and 

helped in restricting the grain growth through solute drag mechanism. The average grain size of 

1.8± 0.53 µm along with a hardness of 1050± 10 HV10 and fracture toughness of 6.0± 0.4MPa 

√m is obtained for sample 1 mol.% samaria doped ceria stabilized zirconia (SmCSZ) sintered at 

1500 °C for 3 hours. 

7.6 Effect of two-step sintering on Samaria doped ceria stabilized zirconia: 

The two-step sintering of Samaria doped ceria stabilized zirconia effectively suppressed the grain 

growth (0.64 ± 0.23 µm) and also decreased the cubic zirconia content in the sample. Which 

helped in achieving a higher hardness of 1288± 12HV10 Vickers along with an optimum fracture 

toughness of 5.37± 0.45 MPa m1/2 sample sintered at 1500 °C for 1 minute followed by 1350 °C 

for 12 h sintering schedule. 

7.7 Tribological properties of NbCSZ and SmCSZ materials: 

The pin on disc wear test is conducted for NbCSZ and SmCSZ samples to evaluate the 

tribological properties, and the results are compared with the undoped ceria stabilized zirconia 

(CSZ).It is observed that NbCSZ and SmCSZ samples are shown better wear resistance 

compared to CSZ. The SEM images revealed that the grain pull-outs and grain fractures are 

major wear mechanisms in CSZ and NbCSZ, whereas only grain pull-outs are observed in 

SmCSZ, indicating its improved resistance to wear. 

7.8 Low-temperature degradation of NbCSZ and SmCSZ materials: 

The low-temperature degradation behaviour of NbCSZ andSmCSZ samples are analyzed through 

accelerated aging study, and results are compared with 3YSZ and CSZ samples. It is observed 

that the NbCSZ and SmCSZ samples did not show any monoclinic transformation even after 200 

hours of treatment similar to CSZ samples, whereas 3YSZ samples shown significant monoclinic 

transformation with severe surface damage only after 10 hours of treatment. It is concluded that 



Chapter 7                                                         Summary, conclusions and scope for future work 
 
 

110 
 

the absence of oxygen-vacancies is a major reason for the resistance to LTD of CSZ, NbCSZ and 

SmCSZ samples. 

7.9 Bioactivity of NbCSZ and SmCSZ materials: 

SBF immersion tests were carried out to study the bioactivity of samples. After SBF immersion 

for 7days, the samples were characterized for phase and microstructure. As the untreated samples 

are bioinert in nature they did not induced any apatite layer formation on surface indicating poor 

bioactivity. However, samples after chemical treatment with 5M H3PO4 solution were able to 

form apatite layer on surface of samples, indicating their enhanced bioactivity. 

7.10 Biocompatibility of NbCSZ and SmCSZ materials: 

In vitro cell culture studies with human osteoblast-like cells (MG-63) on samples are conducted 

to evaluate the biocompatibility. The cellular metabolic activity assay (MTT assay) and scanning 

electron microscope analysis are used to understand the proliferation, viability, morphology and 

attachment of cells on samples. All the samples showed similar results, and cells are actively 

proliferated, and more than 85 % of cell viability is observed in comparison with the control 

sample. Hence, it can be concluded that the NbCSZ and SmCSZ did not show any toxic effects 

on cells, and samples are biocompatible. 

7.11 Scope for future work: 

As discussed in the previous chapters, NbCSZ and SmCSZ ceramics are developed and tested for 

physical, mechanical and biological behaviour. However, to use these materials for commercial 

biomedical applications further analysis/development is required as discussed below. 

1) The time for sintering SmCSZ and NbCSZ can be reduced by using rapid/pressure-assisted 

sintering methods (Vleugels et al., 2004). 

2) In the present study wear behavior is studied in dry condition, however, considering the 

application area the wear behavior in simulated body fluid condition using different counter 

bodies need to be evaluated(Baykal et al., 2014). 

3) In vivo studies of developed materials to understand the biocompatibility more 

precisely(Kurtz et al., 2014). 

4) Development of porous structures with the developed composition can enable them to use as 

scaffolds for tissue engineering(Fadli and Alfarisi, 2015). 
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