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Chapter 2 

Literature Review 

Owing to high demanding application of ceramic materials, improvement in properties of 

these materials to meet the existing / upcoming challenges is in continuous thrust. For 

example, the lower fracture toughness restricts their wide industrial and medical 

applications such as, load bearing implants etc. The compunction of ceramics for the 

crack propagation can be affected by the reinforcement of secondary phases in the 

ceramic matrix [1]. There are few basic toughening such as, transformation toughening, 

crack deflection, crack bridging, micro crack toughening etc. occur in ceramics by the 

addition of secondary phases [2,3]. Apart from these toughening mechanisms, a novel 

approach to toughen a ceramic by incorporation of piezoelectric secondary phases has 

been suggested [4]. In this chapter, effect of incorporation of several types of 

piezoelectric secondary phases on mechanical, dielectric and electrical, antibacterial and 

in vitro cytocompatibility of bioceramics has been reviewed.    

2.1 Introduction 

Depending upon the requirements, metals, ceramics, polymers and their composites are 

being used as prosthetic implants for orthopaedic applications. Generally, the use of 

metals and their alloys is primary choice for load bearing parts of the human body 

because of their good mechanical properties e.g., fracture toughness, Young’s modulus 

etc.[5,6]. However, the long lasting applications of the metallic implants are limited due 

to the corrosion, wear, fibrous tissue encapsulation and mismatch in the modulus of 

elasticity between bone and implants [5]. Due to chemical inertness of ceramic 

biomaterials, the use of ceramics is advantageous over metallic implants which can be 

utilized for longer duration without the requirement of revision surgery. However, the 

poor fracture toughness of the ceramics raise the serious issue as far as the load bearing 
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applications are concerned. To improve the fracture toughness of ceramics, number of 

secondary phases has been incorporated to the ceramic matrix [78910111213- 14].  

Among various bioceramics, Hydroxyapatite (HA) possesses, chemical as well as 

crystallographic properties, similar to that of the inorganic component of the natural bone 

[15]. Therefore, HA is extensively used for orthopedic applications [16]. HA has 

hexagonal crystal structure where hydroxyl ions (OH
-
)

 
ion occupies the center of triangle, 

formed by Ca
2+

 along the c- axis of hexagonal unit cell [Fig. 2.1]
 
[17, 18].   

 

 

Fig. 2.1 Crystal structure of hydroxyapatite [19,20]  

 

The OH
-
 ions affect the conduction mechanism in HA [21]. Owing to the interaction 

between Ca
2+

 and PO4
3-

 ions and natural bone, HA is being regarded as an excellent 

biocompatible as well as bioactive material [222324    25]. Lower mechanical and electrical 

(a) 

(c) 

– 
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properties of HA limit its applications for the orthopedic implantation. Another example 

of bioceramics is bioactive glasses. 45S5 bioglass (BG; 45 wt. % SiO2, 24.5 wt. % Na2O, 

24.5 wt. % CaO and 6 wt. % P2O5) and 1393 bioglass (53 wt. % SiO2, 6 wt. %  Na2O, 12 

wt. %  K2O, 5 wt. %  MgO, 20 wt. %  CaO, 4 wt. % P2O5) have been widely used for 

clinical applications due to their excellent biocompatibility and osteoconductivity [26 272829 

30]. BG forms bond with the bone due to formation of hydroxyapatite layer on its surface 

with the similar chemical composition as that of the bone and provides augmented 

osteogenesis by synchronizing the induction and proliferation of cell [313233343536    37]. In spite 

of excellent biocompatibility of these implants, poor electro-mechanical response as well 

as bacterial infection during surgery or thereafter are among the major concerns which 

lead to failure of the implants [38].  

This chapter reviews one of the novel techniques to enhance the toughness of ceramics 

with the incorporation of piezoelectric secondary phase in the ceramic matrix. In addition 

to the piezoelectricity induced major toughening mechanism such as energy dissipation, 

stress induced domain switching toughening, other toughening mechanisms such as 

transformation toughening, crack bridging, crack deflection and micro crack toughening 

also contributes to the total observed toughening of piezo-composites. As far as the 

piezoelectricity induced toughening is concerned, the poling direction and electrical field 

parameters affect the toughness of the ceramics. The combined effect of processing 

parameters and piezoelectricity on toughness of ceramics has been described in this 

chapter. In addition, the effect of incorporation of secondary piezoelectric phase in 

different ceramic systems on other mechanical properties such as, hardness and flexural 

strength are also reviewed. Further, the influence of incorporation of piezoelectric 

secondary phase on dielectric and electrical, antibacterial as well as cytocompatibity of 

the ceramics has been reviewed.  

– 

– 
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2.2 Toughening mechanisms 

In general, ceramics have low fracture toughness which fail in catastrophic manner. In 

order to improve the toughness of ceramics, secondary phases have been incorporated 

which provide the controlled crack growth. The crack propagates catastrophically in 

brittle materials under uniform stress, greater than the critical stress σ f, which is given as 

[39], 

                      
   

  
 
 

                                            (2.1) 

Where KIC, Y and c are the critical stress intensity factor, geometrical factor, and crack 

size, respectively. D. Broek [40] as well as Butler and Fuller [41] introduced the R- curve 

phenomenon for failure of the ceramic materials. The crack propagation or extension 

occurs when, 

                                                                                              

Where, G and R are crack extension energy (strain energy) and resistance for the crack 

propagation, respectively. Strain energy is related with the stress intensity factor for the 

plane stress condition as [39], 

                                                                    
  

 

 
                                               3) 

Where, E is the Young's modulus of the material. For an applied stress σ and crack with 

length c, the stress intensity factor K I can be given as [39], 

                                 
 
                                                        

For normal fracture of ceramics, where there is no toughening occurs, KI is taken as the 

critical stress intensity factor. The measured critical stress intensity factor is equal to the 

stress intensity factor at the crack tip, Ktip at fracture is denoted for this condition as K0 i.e., 

[39],  

KIC = Ktip at fracture = K0                                     (2.5)  
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The addition of secondary phase in matrix decreases the stress at the crack tip due to the 

generation of compressive stresses around it [39], 

                                                                      

Where, ΔK is reduction in stress intensity at the crack tip due to toughening.  

Now, at the moment when fracture occurs, the applied stress intensity factor is taken as 

critical stress intensity factor and Ktip can be taken as K0. 

                                                                     

As shown in the equation (2.7), critical stress intensity factor (fracture toughness) 

increases with addition of secondary phase. There are few toughening mechanisms which 

occur due to addition of secondary phases, as briefed in the subsequent sections.  

2.2.1 Crack Deflection 

When a propagating crack comes into contact with a secondary phase particle, the 

secondary phase opposes the crack growth, which consequently, decreases the stress 

intensity factor at the crack tip [42], 

           
 

 
                                                   

Where, θ and Kapp are the angle of crack deflection and applied stress intensity factor, 

respectively. The crack deflection increases the crack length and consequently, the 

fracture toughness. In polycrystalline materials, the average stress intensity factor at the 

crack tip decreases, due to the deflection of the crack along the weak grain boundaries.  

2.2.2 Crack Bridging 

In this mechanism, toughening occurs due to secondary phase induced bridging of crack 

surfaces behind the crack tip which provides a closure force on crack face. The cracks 

behind the crack tip act as the tiny spring. Owing to this, the stress intensity at the crack 

tip decreases and consequently, the fracture toughness of the ceramic composite 



18 
 

increases. The fracture toughness [K
c
] of the ceramic composite due to crack bridging can 

be given as [4], 

                                        
 

 ⁄                                             (2.9) 

Where, K
c
 is the total fracture toughness of the ceramic composite, J

m
 is the fracture 

energy of the matrix and ΔJ
cb

 is the change in energy associated with the bridging 

process.  

2.2.3 Micro-crack toughening  

In this toughening mechanism, the micro-cracks seed in the vicinity of main crack due to 

which stress at main crack tip decreases. There are few assumptions, based on which 

micro crack toughening has been formulated. For example, it has been assumed that a 

crack of semi-infinite length is subjected to an external load in mode I loading condition, 

as represented by the applied stress intensity factor, K. In addition, the concentration of 

micro cracks is assumed to be low to avoid the interaction between the micro cracks [43].  

Under these conditions, Gong [43] suggested that the variation in stress intensity factor of 

the main crack due to presence of the single microcrack can be given as, 

     (
 

  
)
 

           √   (
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          (
  

 
)            

  

 
                            

                                                               

                                                        

Where, σR represents the normal residual stress near the microcrack region, d denotes the 

distance between the center of micro-crack and main crack tip. ϴ is the angle between the 

x-axis and line connecting the tip of the main crack and Ф denotes the direction of micro-

crack. F (ϴ, Ф) and G (ϴ, Ф) are the explicit functions of (ϴ, Ф) [43].  
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2.2.4 Transformation Toughening 

The transformation toughening mechanism can be understood with the help of classical 

example of tetragonal to monoclinic phase transformation of zirconia (ZrO2). The change 

in phase transformation generates a stress around the crack tip which helps in increasing 

the fracture toughness. Transformation toughening can be understood by observing [2] 

(a) The thermodynamic behavior of the material 

(b)   Fracture toughness variation by stress induced phase transformation 

Buljan et al. [44] reported that such transformation results in the generation of a large 

amount of strain. 

    

(
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Where, a, b and c are the unit cell dimensions with respect to the tetragonal (t) and 

monoclinic (m) phases. β is the monoclinic angle. 

When the resistance during crack propagation is offered by a secondary phase, the strain 

energy release rate ΔG can be given as [39], 

            
                                                (2.13) 

Where, Vf, σc, ɛ
T
 and h are the volume fraction of secondary phase, stress up to elastic 

behavior, permanent strain due to tensile loading and distance on either side of an 

advancing crack, respectively. 

The increase in fracture toughness during t → m transformation due to tensile loading can 

be obtained as [39], 
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Where, E is the Young's modulus of the material. 

Apart from the above toughening mechanisms, the incorporation of piezoelectric 

secondary phases in ceramic matrix has been suggested to provide the additional 

toughening, the consequences of which is detailed in the subsequent sections. 

2.3 Piezoelectric contribution to the toughening mechanism  

Piezoelectric materials generate charges in response to applied mechanical loading and 

vice-versa. Fig. 2.2 [(a) and (b)] shows the generation of dipoles on the application of 

either tensile or compressive stresses in the piezoelectric material. This phenomenon is 

known as direct piezoelectric effect. On the other hand, strain developed in piezoelectric 

materials in response to applied electric field is known as inverse piezoelectric effect. 

Owing to piezoelectric effect, domain switching occurs after the application of 

mechanical loading or electric stimulus which affects the mechanical properties of the 

piezoelectric ceramics [45].  

 

Fig. 2.2 Schematic diagram, representing the direct piezoelectric effect due to (a) 

compressive and (b) tensile stresses [45].  
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The dipole generation by mechanical loading and vice- versa in piezoelectric material 

depend on electromechanical coupling coefficient. 

2.3.1 Electromechanical coupling coefficient 

The electromechanical coupling coefficient is defined as the ability of the piezoelectric 

material to transform mechanical energy into electrical energy and vice-versa. The 

coupling coefficient (K) can be obtained as [46], 

   
   

 

    
⁄                                                                            

Where, W12 is piezoelectric energy density; W1 and W2 are the mechanical and electrical 

energy densities, respectively. 

2.3.2 Energy dissipation mechanism 

All the toughening mechanisms are based on energy balance approach. The general 

equation to obtain the fracture toughness can be given as [3], 

                                              
 

 ⁄                                         (2.16) 

Where, KIC is the total fracture toughness of the ceramic, Ec is the Young’s modulus of 

the composite ceramic, Jm is the energy associated with the crack extension in the ceramic 

matrix, ΔJ is the change in the energy due to the presence of secondary phase. 

During energy dissipation, a part of the mechanical energy is converted into the electrical 

energy as the crack progresses in the piezoelectric secondary phase. Stress-induced phase 

transformation or domain wall motion occurs in piezoelectric phase. Owing to which, 

crack propagation energy decreases that further enhances the fracture toughness of 

ceramic composite with piezoelectric secondary phase. Therefore, by considering the 

contribution of piezoelectric secondary phase, the fracture toughness can 

comprehensively be given as [3], 
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 ⁄                                                     

Where, ΔJ
piezo

 represents the amount of energy dissipated due to piezoelectric effect. 

                                                                                   

                                                                                             

Where, d, δX and δE are the piezoelectric coefficient, applied stress and developed 

electric field, respectively. 

2.3.3 Domain Switching 

Domain switching is defined as the virtue of a ferroelectric material to change the 

direction of polarization due to the application of electric field or mechanical stresses [474849   

50]. In ferroelectric materials, domain switching occurs for applied electric field greater 

than the coercive field as well as for sufficiently large amount of compressive stresses 

which squeezes the unit cell. It has been reported that only 90˚ domain switching can be 

achieved with the help of mechanical stresses whereas, the application of electric field 

provides 90˚ as well as 180˚ domain switching [51]. In zirconia ceramics, tetragonal to 

monoclinic phase transformation is induced by the stresses acting around the crack tip. 

The structural transformation results in volumetric changes in the unit cell and 

consequently, generates the compressive stress. These compressive stresses act on crack 

tip during it’s propagation and shields the tip i.e., arrest the crack propagation. Similarly, 

for ferroelectrics, like BaTiO3, stress-induced domain switching process (due to the high 

tensile stresses) near the crack tip, has been suggested as one of the potential toughening 

mechanisms [5253545556    57] The strain mismatch between tetragonal and monoclinic phases 

occurs due to the rotation of the polar axis of the domains by 90˚. The anisotropic nature 

of tetragonal phase usually results in compressive stresses. These compressive stresses are 

generated perpendicular to the crack plane, which is preferred orientation of the c-axis of 

– 

– 
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the tetragonal BaTiO3 [58]. During crack propagation, the process of domain switching 

dissipates some amount of energy [59]. The domain switching can also change the mode 

of stress from tensile to compressive, right before the crack tip [59].  Figs. 2.3 (a) and (b) 

schematically represent the piezoelectricity induced toughening due to domain switching 

and energy dissipation. 

        

Fig 2.3 Schematic diagram representing the crack deflection 

2.3.3.1 Criterion for the domain switching 

In presence of both, electrical and mechanical loadings, 90˚ domain switching occurs 

when the following equation is satisfied [59], 

                                                                                                    

Where, σij and Δ ij are the stress and strain tensors, respectively. Ei and ΔPi are electric 

field and polarization switch vectors, respectively. Ps and Ec are the magnitude of 

spontaneous polarization and coercive field [59], respectively. The right hand side of the 

equation shows the threshold energy for polarization switch and is constant for all 

polarization switches due to electrical and mechanical loadings. It is clearly defined that 

combination of mechanical and electrical responses must be greater or equal to the 

product of spontaneous polarization and coercive electrical field. 180˚ domain switching 

occurs under the following condition [59].  

                                                                                                                               

(a) (b) 
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The right hand side of the equation shows the threshold energy for polarization switch 

which is constant for all polarization switches occurring due to electric and mechanical 

loadings.  

2.4 Effect of piezoelectric secondary phase on mechanical properties  

In this section, consequences of addition of piezoelectric secondary phase in bioceramics 

toward improving their mechanical properties have been reviewed.  

2.4.1 Influence on fracture toughness of the bioceramics 

Chen and Yang [4] suggested a new approach for the toughening of the ceramics by 

addition of piezoelectric secondary phase. The incorporation of 5 wt. % of BaTiO3 in 

Al2O3 has been reported to enhance the fracture toughness of BaTiO3/Al2O3 composite 

from 3 MPa.m
1/2

 to 5.1 MPa.m
1/2 

[4] In addition processing parameters have also been 

reported to influence the mechanical properties of ceramics [6061 62- 6364]. The energy 

dissipation and microcracking toughening are suggested as possible mechanisms for the 

toughening of the ceramics. In another study, it has been reported that the addition of 5 

mol. % of BaTiO3 secondary phase in Al2O3 matrix improves the fracture toughness from 

4 to 5.1 MPa.m
1/2

 (about 27.5%) at the sintering temperature of 1450˚C due to crack 

deflection and crack bridging toughening mechanisms [65]. Owing to the reaction 

between BaTiO3 (above 5 mol. % of BaTiO3) and Al2O3, further addition (> 5 mol. %) of 

piezoelectric BaTiO3 in Al2O3 matrix decreases the fracture toughness. Therefore, the 

piezoelectric secondary phase and base ceramic should be inert to each other. Yang and 

Chen [3] suggested that the addition of 3 mol. % of Nd2Ti2O7 piezoelectric secondary 

phase in Al2O3 matrix (0.03 Nd2Ti2O7 / 0.97 Al2O3) increases the fracture toughness from 

about 3.1 to 6.7 MPa.m
1/2

. It has also been reported that the higher concentration of 

piezoelectric secondary phase (above 3 mol. % of Nd2Ti2O7) limits the fracture toughness 

due to lower relative density. Apart from conventional sintering, spark plasma sintering 
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(SPS) is the advance technique in which almost theoretical densification can be achieved. 

Reddy et al. [66] demonstrated that multistage SPS can provide better mechanical 

properties over conventional sintering. It has been reported that with single stage SPS 

(SSS), fracture toughness about 4 MPa.m
1/2

 for Al2O3 has been achieved. For two stage 

SPS (TSS), its value increases to about 5.6 MPa.m
1/2

. Almost similar value of fracture 

toughness has been obtained with multi stage SPS (MSS).  Dubey et al. [67] reported that 

multistage SPSed HA - 40 wt. % BaTiO3 shows the increase in fracture toughness of 132 

% with respect to monolithic HA. In another study, SPSed Al2O3 - 5 mol. % BaTiO3 

shows the fracture toughness of 6.04 MPa.m
1/2

 whereas, this value for pure Al2O3 was 

obtained to be 4 MPa.m
1/2

 [68]. Zhan et al. [69] demonstrated that SPSed Al2O3 - 7.5vol% 

BaTiO3 shows the maximum fracture toughness of 5.36 MPa.m
1/2

 among the 

composition, including 5, 7.5, 10, 15 vol. % of BaTiO3 content in Al2O3 whereas the 

fracture toughness for pure α-Al2O3 was about 3.3 MPa.m
1/2

. It has been suggested that 

the fracture toughness of the ferroelectric ceramics is also associated with the domain 

switching of ferroelectric phase [70717273-  74]. Liu et al. [75] reported that the incorporation 

of 5 vol. % of LiTaO3 secondary phase in Al2O3 matrix, enhances the fracture toughness 

of LiTaO3/Al2O3 composite up to 4.1 MPa.m
1/2 

which further enhances by addition of 20 

vol. % of LiTaO3 from 4.1 to 4.5 MPa.m
1/2

 using hot pressing while, the hot isostatic 

pressed samples exhibited fracture toughness value of 5.4 MPa.m
1/2

 and the value of 

fracture toughness decreases by further addition of secondary phase [Fig. 2.4 (a)]. 

– 
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Fig.2.4. Variation of (a) fracture toughness and (b) bending strength of Al2O3 with 

LiTaO3 content in Al2O3- LiTaO3 composite [84].  

Energy dissipation due to domain switching in piezoelectric secondary phase [76], crack 

deflection and microcracking has been suggested as the toughening mechanisms [43]. 

Another bioceramics, Magnesia are being used in valve and pump components, bushings 

and wear sleeves, industrial tooling applications etc. where the high strength and 

toughness is required. Rattanachan et al. [77] reported that the addition of 10 vol. % of 

BaTiO3 as the piezoelectric secondary phase in MgO enhances the fracture toughness of 

the MgO – 10 vol. % BaTiO3 composite from about 1.5 ± 0.15 to 1.86 ± 0.26 MPa.m
1/2

 

without any polarization. After polarization, the MgO – 10 vol. % BaTiO3 composite 

shows remarkably enhanced value of the fracture toughness of upto about 2.2 MPa.m
1/2

, 

in the direction parallel to the poling direction. The domain switching has been suggested 

as one of the toughening mechanisms [78 -79808182].  

3Y-TZP has been extensively used in dental filling applications because of its reasonable 

mechanical properties as well as aesthetic aspects. However, they are very delicate to 

stress concentrations near pre-existing small defects such as, pores or cracks during dental 

fixation [83]. The addition of piezoelectric BaTiO3 [84, 85] and Sr2Nb2O7 [86]  secondary 

phases have been reported to enhance the fracture toughness of 3Y-TZP ceramics. Yang 

(a) (b) 

– 
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et al. [84] demonstrated the fracture toughness value of about 5 MPa.m
1/2

 for 3Y-TZP-3 

mol. % BaTiO3 composite. By increasing the BaTiO3 content (>5 mol. % of BaTiO3) in 

3Y-TZP matrix, fracture toughness of BaTiO3/3Y-TZP composite has been reported to 

decrease drastically because of transformation of t-ZrO2 phase to m-ZrO2 phase [87,88].
 

Li et al. [89]  demonstrated that the addition of 10 mol. % of piezoelectric BaTiO3 

secondary phase in 3Y-TZP enhances the fracture toughness value from about 8.5 

MPa.m
1/2

 to 10 MPa.m
1/2 

of SPSed 3Y-TZP- 10 mol. % BaTiO3 composite. Chen et al. 

[86] reported that the addition of 1 mol. % piezoelectric Sr2Nb2O7 secondary phase in 3Y-

TZP enhances the fracture toughness of the composite from 6 MPa.m
1/2

 to 13 MPa.m
1/2

. 

Phase transformation toughening mechanism [90] and energy dissipation, associated with 

piezoelectricity have been suggested as the responsible toughening mechanisms. Liu and 

Chen [90] reported that the addition of 5 mol. % of BaTiO3 secondary phase in 8% doped 

Yttria fully stabilized Zirconia (8Y-FSZ) enhances the fracture toughness from about 3.1 

MPa.m
1/2

 to 6.1 MPa.m
1/2

 at the sintering temperature of 1475˚C. Crack bridging and 

crack deflection has been suggested as the toughening mechanisms. Liu et al.
 
[91]  

reported that the addition of 15 mol. % of LiTaO3 secondary phase in Al2O3 matrix 

significantly enhances the fracture toughness of LiTaO3/Al2O3 composite. It has been 

reported that when crack propagates, high stress concentrates at the crack tip. When this 

stress concentration exceeds a threshold limit, the domains switching in piezoelectric 

secondary phase occurs [9293- 94].  Figs. 2.5 and 2.6 demonstrate the deflection in crack 

path due to the addition of piezoelectric LiTaO3 secondary phase in Al2O3 matrix. Energy 

dissipation due to domain switching, crack deflection and micro-crack toughening has 

been suggested as possible mechanisms for the toughening of the ceramic systems.
 
[95,96, 

97] 
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Fig 2.5 Schematic diagram illustrating the crack deflection at domain boundaries in 

piezoelectric LiTaO3 grain [91] 

 

Fig 2.6 TEM micrographs demonstrating the crack deflections and branching in LiTaO3 

grains in Al2O3-15 LiTaO3 ceramic composite: (a) Crack deflection of about 90˚ (b) crack 

deflection less than 90˚and crack branching (c) crack deflection less than 90˚ and (d) 

crack deflection more than 90˚ [91]. 

Ferroelectric ceramics can change the polarization direction by the application of electric 

field and can be depolarized by the mechanical stresses [47- 50]. It has been reported that 

only 90˚ domain switching in piezoelectric material by mechanical loading while electric 

field switches the domain by180˚ [Fig. 2.7] [51, 98] 

– 

– 
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Fig. 2.7 Schematic diagram representing the (a) cubic to tetragonal phase transition, (b) 

180˚ polarization switching induced by an externally applied electric field above the 

coercive field and (c) 90˚ polarization switching induced by a compressive stress [51]. 

For ferroelectrics, like BaTiO3, stress induced domain switching has been suggested as 

one of the potential toughening mechanisms due to the tensile stresses
 
near the crack tip 

region [52] The tetragonal phase generates the compressive stress due to the strain 

mismatch in the matrix. For the crack propagation, domain switching dissipates some 

amount of energy [59]. On the other hand, domain switching can change the mode of 

stress from tensile to compressive right before the crack tip [60].  

2.4.2 Effect of piezoelectric secondary phase on other mechanical properties of 

bioceramics 

In addition to the improvement in fracture toughness, the piezoelectric secondary phases 

have been observed to modify the number of other mechanical properties such as 

compressive strength, hardness and bending strength. Xiao et al. [99] reported that the 

addition of BaTiO3 secondary phase in Al2O3 matrix enhances the hardness as well as 
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bending strength. It has been observed that the maximum hardness (Hv = 137) and 

flexural strength (269 MPa) for 5 mol. % of BaTiO3 secondary phase in Al2O3 has been 

obtained among 0, 0.5, 1, 5, 10, 20 mol. % of BaTiO3 piezoelectric secondary phases in 

Al2O3. Yang et al. [84] reported that the addition of 3 mol. % of BaTiO3 in 3Y-TZP 

matrix increases the Vickers hardness from about 8 to 12 GPa. Li et al. [85] reported that 

the addition of 14 mol. % of piezoelectric BaTiO3 secondary phase in 3Y-TZP enhances 

the elastic modulus from about 230 GPa to 250 GPa. In another study, the addition of 3% 

and 5% mol. % BaTiO3 in Al2O3 exhibited the hardness values 9.28 and 7.26 GPa at 

1400°C while at 1450˚C the values were 8.49 and 7.14 GPa obtained, respectively [65]. 

However, monolithic Al2O3 has the hardness of 17.59 GPa at 1500˚C [65]. Undesirable 

reaction between BaTiO3 and Al2O3 has been suggested as one of the possible reasons for 

such variation in hardness values [77] Beyond the 5 mol. % of BaTiO3 detrimental effect 

on fracture toughness of Al2O3-BaTiO3 composite has been observed [65]. Rattanachan et 

al. [77] reported that addition of BaTiO3 as the piezoelectric secondary phase in MgO 

decreases the hardness value of the composite MgO – 10 vol. % BaTiO3 by almost 13 % 

than monolithic MgO. Liu et al.[90] reported that the addition of 5 vol. % LiTaO3 as the 

secondary phase in Al2O3 enhances the flexural strength up to 438.7 MPa for hot isostatic 

pressed Al2O3 – 5 vol. % LiTaO3 composite samples [Fig. 2.4 (b)]. Further, the addition 

of secondary phase LiTaO3 in Al2O3, detoriated the value of flexural strength. Li J. et al 

[89] reported that the SPSed 3Y-TZP - 10wt% BaTiO3 exhibits hardness and elastic 

modulus value of about 16 GPa and 250 GPa, respectively, than that of conventionally 

sintered samples (about 13 GPa and 190 GPa, respectively). In another study, Dubey et al. 

reported that multistage SPSed HA - 40wt % BaTiO3 composite exhibits the enhanced 

hardness value from 5.9 to 6.5 GPa. Similarly, compressive strength enhanced from about 

70.2 to 138.3 MPa [76]. Liu and Chen [90] reported that the addition of 5 mol. % of 
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BaTiO3 in 8Y-FSZ enhances the Young’s modulus upto about 176 GPa and hardness 

value upto 11.6 GPa at 1475°C. On the application of electric field, domain switching 

occurs due to which the mechanical properties of the piezoelectric ceramics can be 

tailored [100].  

 

Fig. 2.8 Variation of bending strength of MgO as a function of BaTiO3 content. 

Nagai et al. [10] reported that the addition of 20 vol. % of the BaTiO3 piezoelectric 

secondary phase in MgO ceramic enhances the bending strength of the MgO/BaTiO3 

composite from 320 MPa to 520 MPa, for the samples which was annealed at 1250˚C and 

from 420 MPa to 570 MPa for hot pressed (1350°C with 40 MPa) samples [Fig. 2.8].  

2.5 Effect of piezoelectric secondary phase on dielectric and electrical properties of 

bioceramics 

The functional performance of orthopedic implant has been demonstrated to improve by 

increasing the electrical activity of composite system. The natural bone comprises of 

collagen and minerals, mainly calcium phosphate components, with the ability of self –

healing [101]. For bone remodeling and regeneration, calcium phosphate bioceramics are 

the potential osteoinductive and osteoconductive substitutes [102]. In addition, it is well 

known that the natural bone is electrically active tissue [103] which (electrical activity) 

play an important role in controlling it’s metabolic processes [104]. The dielectric 

behavior of human bone was reported for the first time in 1950s [105, ,-106]. The dielectric 



32 
 

constant [107,108] and ac conductivity [67] of human bone are reported to be 8-10 and 

10
-10

 ohm
-1

.cm
-1

, respectively. Behari et al. [109] observed that bone possesses low 

dielectric constant value at higher frequency (~GHz) due to breakage of H-bond 

separation in collagen and apatite. In another study, Wei and Yates [110] suggested that 

the conductivity of HA has been enhanced up to 10
−2

 S cm
−1

 by the incorporation of 

yttrium at the same processing temperature (700 °C). Dubey et al. [67] reported that the 

room temperature dielectric constant and ac conductivity of HA are 12 and 1.5 × 10
-9

 (Ω 

cm)
-1

. At low temperature (< 150°C), the dielectric constant variation is due to structural 

defects like O2 molecules as well as O
-
 and OH

-
 ions. Whereas, at high temperatures (> 

300°C), the movement of thermally induced defects are responsible for polarization. Shi 

et al.
111

 demonstrated that the addition of 20 vol. % of Ti3SiC2 in HA enhances the 

dielectric constant of upto 700 (at 1 kHz and room temperature) for Ti3SiC2 / HA 

composites. Dubey et al. [25] reported the dielectric constant and loss for HA-40 wt. % 

BaTiO3 and HA-60wt. % BaTiO3 to be 21, 38 and 0.01 and 0.02, respectively at room 

temperature. Bowen et al. [112] reported that the dielectric constant and loss values for 

HA-40 wt. % BaTiO3 (1 Hz) are varied from almost 900 to 750 within the frequency from 

0.1 Hz to 1 MHz. The ac conductivity of HA-40 wt. % and HA-60 wt. % BaTiO3 has 

been reported to be order of 10
-10

 and 10
-9

 (ohm cm)
-1

, respectively [25]. In another study, 

Dubey et al. [113] reported that the room temperature dielectric constant and loss for HA-

40 wt. % BaTiO3 are 18.7 and 0.001, respectively, at 1 kHz. However, HA – 40 wt. % 

CaTiO3 composite samples exhibited dielectric constant and loss values of almost 22.7 

and 0.003, respectively. The values of ac conductivity has been reported to be 1.6 × 10
-11

 

(ohm cm)
-1

 and 4 × 10
-11

 (ohm cm)
-1

 for HA-40 wt. % BaTiO3 and HA-40 CaTiO3, 

respectively. 
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Pisitpipathsin et al.[114] reported that the incorporation of 15 wt. % barium calcium 

zirconate titanate (Ba0.92Ca0.08Zr0.05Ti0.95O3, BCZT) in BG increases the dielectric constant 

of BG - 15 BCZT composite by almost 50 %.
 
 While, the composites exhibited the 

dielectric loss within the range of 0.1 – 0.4 at 1 kHz. In another study, Tigunta et al.
 
[115] 

demonstrated that the incorporation of 10 wt. % of piezoelectric barium zirconium 

titanate (BaZr0.05Ti0.95O3, BZT) in calcium phosphate bioglass (40 wt. %  CaO – 45 wt. %  

P2O5 – 15 wt. %  Na2O, CPG) enhances the dielectric constant of BG-10 BZT composite 

by about 13 times. However, the further addition of piezoelectric BZT secondary phase in 

BG decreases the dielectric constant. Apart from piezoelectric secondary phase, Porwal et 

al.
116

 demonstrated that the addition of 5 vol. % of graphene nano plates in BG increases 

the electrical conductivity of BG – 5 vol. % GNP composite by almost 9 times of 

monolithic BG. Eldin and Bockris [117,118] reported that the electrical conductivity of 

the sodium silicates glass can be influenced by varying the concentration and mobility of 

alkali ions like sodium ions (Na
+
) [Fig. 2.9].

 
 

 

Fig. 2.9 Schematic diagram representing sodium ion migration to interstitial position in 

sodium silicate glass [119].  
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It has been reported that the sodium potassium niobate (Na0.5K0.5NbO3; NKN)
 
(ɛr = 657) 

is also a promising candidate as the piezoelectric secondary phase to enhance the 

electrical as well as mechanical properties of HA [120- - 121]   

2.6 Effect of piezoelectric secondary phase on antibacterial behavior of the 

bioceramics 

Swain et al. [122] reported that polarized HA - 60 wt. % BaTiO3 reduces the  viability of 

S. aureus,  E. coli and P. aeruginosa bacteria by almost 47%, 46% and 41%, respectively. 

While, 43%, 35% and 34% of reduction in viability of the S. aureus, E. coli and P. 

aeruginosa bacterial cells, respectively are observed for polarized HA - 40 wt. % BaTiO3 

composite. It has been observed that the polarized samples offer better antibacterial 

response as compared to unpolarized samples [123]. In another study, Kumar et al.[123] 

reported that about 88% populations of E. coli bacterial cells have been damaged by 

polarization treatment sample of Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCTZO) at 2.9 kV/mm for 30 

min. It has been proposed that surface charge induced by the poling enhances the 

antibacterial behavior of the samples [124]. 

 

Fig. 2.10 Schematic diagram representing the ROS generation on charged surface and 

consequently, bactericidal effect [124]. 

It has been reported that negatively charged surface is expected to repel the bacterial cells 

and interact with positively charged surfaces of the sample due to electrostatic interaction 
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[124]. The interaction of positively charged surfaces with bacteria has been reported to 

depolarize the cell membrane. Such depolarization leads to the abrupt change in the 

permeability of membrane which results in cell death. Because gram positive and gram 

negative bacterial cells possess the negative charge. Gram positive bacterial cells have the 

outer thick layer of peptidoglycan and gram negative bacterial cells have thin but 

embedded with lippopolysaccharide. These layers possess the negative charge [125]. 

Therefore, gram negative bacteria possess more negative charge than gram positive 

bacteria [126]. It has been suggested that the polarized surfaces increase the generation of 

reactive oxygen species (ROS) which induces antibacterial response. ROS contains 

peroxides, superoxides, hydroxyl radical singlet oxygen, alpha oxygen etc. which are 

toxic in nature and damage the bacterial cells [Fig. 2.10] [127,128]. 
 
Tan et al. [129] 

observed the polarization of potassium sodium niobate (KNN) at 25 kV/cm for 30 min 

enhances the ROS generation by S. aureus bacterial cells which provide more 

antibacterial response. It has been reported that generation of ROS occurs because of 

micro electrolysis due to surface charge on the samples [Fig. 2.11].  

 

Fig. 2.11 Schematic diagram representing the ROS generation due to surface charge 

induced by the polarization of potassium sodium niobate (KNN) sample [130]. 
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It has also been reported that piezoelectric KNN with high piezoelectric coefficient (80 

pC/N) exhibited almost 100 % antibacterial behavior [130].130  

Apart from the piezoelectric secondary phase, a number of studies have been performed 

to improve the antibacterial response of bioceramics using Ag, Cu, Zn and Mg as the 

secondary phases [131,132,133,- 134]. Afzal et al. [135] reported that the addition of 5 wt. % of 

Ag in HA composite reduces the bacterial adhesion by almost 64.9 % and 78.8 % for 

gram positive and gram negative bacteria, respectively. 

 

Fig. 2.12 Schematic diagram representing antibacterial action of Ag
 
particle towards 

bacterial cells [136]  

It has been reported that Ag
+
 ions damage the surface of bacterial cells [Fig. 2.12]. These 

ions are diffused to the cytoplasm of bacterial cells which lead to inhibition of bacterial 

growth and kill the bacterial cells. In another study, Pandey et al.
 
[136] reported that the 

incorporation of 2.5 wt. % of Ag in HA reduces the E.coli and S. aureus bacterial cell 

population up to almost 61 % and 53 %, respectively, for HA-2.5 wt. % Ag composite 

samples than that of monolithic HA. When Ag ion come in to contact with bacterial 

enzymes, it provides hurdle for synthesis of proteins which leads to bacterial death.
136

 

Grenho et al. [137] demonstrated that the addition of 10 wt. % of ZnO in HA reduces the 

bacterial colony by 35 % whereas incorporation of 30 wt. % of ZnO results in almost 60 
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% reduction in population of E coli bacterial cells. It has been proposed that such type of 

antibacterial behavior in HA-ZnO composite is due to generation of reactive oxygen 

species (ROS). In another study, Boda et al. [138] reported that the addition of 10 wt. % 

ZnO in HA reduces the S aureus bacterial adhesion by 70 % whereas the pure HA exhibit 

almost 60 % reduction in the presence of DC electric field of intensity 1 V/cm.  

 

Fig. 2.13 Schematic diagram representing biofilm disintegration on HA-ZnO surface due 

to externally applied electric field [139]. 

It has been reported that the application of external electrical field reduces the metabolic 

response of the bacteria and inhibits the bacterial growth [Fig. 2.13]. This occurs due to 

the variation in the potential of bacterial membranes.
138

 In another study, it has been 

reported that the application of dc field of 3 kV/cm for 2 h reduces the viability of S. 

aureus bacterial cells by about 42 and 28 % on positively and negatively charged surface 

of monolithic HA, respectively [139]. In another study, it has been reported that the 

addition of 3 wt. % of Ag in 76S bioglass shows better antibacterial response than 

monolithic 76S bioglass against gram negative bacteria (Escherichia coli) due to the 

interaction of Ag
+ 

ions with lippopolysaccharide layer in the membrane of bacterial cells 

and destructs the cells by affecting their metabolic activities [140, 141]. 
 
In another study, 

Jurczyk et al. [142] suggested that about 90 % population of S. mutants and S. aureus 

bacterial cells has been reduced by the addition of 1.5 wt. % of Ag on Ti - 45S5 BG due 
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to the exchange of Ag
+
 ions with the body fluid. However, addition of these bacterial 

agents beyond a certain amount leads the concern of their toxic effects. Microbiologists 

suggest that the antibiotics can be one of the potential alternatives to keep away from the 

bacterial infection. However, certain bacteria develop resistance against antibiotics over a 

period of time [143]. As the bacterial membranes are electrically charged, the 

development of surface charges on implants can be anticipated as an appealing alternative 

to induce antibacterial response.  

2.7 Effect of piezoelectric secondary phase on cytocompatibity of the bioceramics 

Apart from mechanical, dielectric and electrical as well as antibacterial behavior, the 

cytocompatibilty of the piezoelectric implant material is one of the important concerns. 

BaTiO3 is reported to be potential candidate for clinical application. It has been 

demonstrated that HA - BaTiO3 composite shows the excellent mechanical as well as 

cytocompatility behaviour
 

[144]. Owing to piezoelectricity, HA- BaTiO3 generates 

surface charge due to stress, which promoted the formation of new bone i.e. supports 

osteogenesis [145]. Zhang et al. [145] reported that the addition of 70 wt. % of BaTiO3 in 

HA enhances the cell proliferation by about 201 % for HA-70 BaTiO3 composite, 

cultured with L929 cell line. In another study, Dubey and Basu [146] demonstrated that 

addition of 40 wt. % of BaTiO3 in HA enhances the cell proliferation (in terms of mean 

optical density) for HA - 40 BaTiO3 composite samples cultured with L929 cell line 

[Fig.2.14]. 
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Fig. 2.14 Cell viability of untreated and electric field treated (E-field strength: 1 V/cm) 

L929 cells, cultured on control disk, HA and HA–40 wt. % BaTiO3 composite. Asterisk * 

shows the significant difference among the samples incubated for 5 and 7 days with 

respect to that incubated for 3 days  ** and ***Significant differences among the samples 

of same incubation period with respect to untreated control disk and HA, respectively at 

P < 0.05 [147]. 

Irrespective of sample type and incubation period, cell growth is also affected by 

electrical polarization. It has been reported that negatively charged samples with electrical 

polarization enhances the cell proliferation. Fig. 2.15 illustrates the proposed mechanism 

for cell adhesion on negatively and positively charged HA - 20 wt. % BaTiO3 and HA - 

40 wt. % BaTiO3 composite samples. It has been suggested that with increase in the 

content of BaTiO3 secondary phase, cell growth and proliferation enhances, after 

polarization treatment
 
[147].  
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Fig. 2.15 Schematic diagram, illustrating the mechanism of cellular response on 

positively and negatively charged HA - 20 wt. % BaTiO3 and HA - 40 wt. % BaTiO3 

composites [148].  

Baxter et al. [148] reported that the cell proliferation has been enhanced on polarized HA- 

BaTiO3 composite than unpolarized sample, while cultured with Saos-2 human osteoblast 

cells. A significant enhancement in cell growth was observed after 7 days of incubation. 

Similar result was observed for positively and negatively charged HA and HA-BT 

composite samples. Kumar et al. [123] reported that surface charge, generated by poling, 

promote the cell attachment as well as cell proliferation e.g., negatively and positively 

charged HA enhances the metabolic activity as compared to the uncharged HA cultured 

with MC3T3-E1 cells. Kobayashi et al. [149] suggested that the negatively charged 

surface, induced by the polarization of HA, enhances the osteobonding than unpolarized 

surface and also demonstrated that the formation of new bone occurs on the negatively 

charged surface within 7 days of implantation which is directly bonded to HA crystals. It 

has been suggested that the electrostatic force due to the negatively charged surface 

charge promote the activation of formation of new bone with specific orientation of bone 
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layer [151]. In another study, Itoh et al. [150] demonstrated that the polarization of HA 

increases mineralization process in which negatively charged surface initially absorbed 

the Ca
2+

 ions then anions like HPO4
2-

, HCO3
-
 and OH

-
 ions were attracted by Ca

2+
 which 

promote mineralization. 

Calcium phosphate cement (CPC) and magnesium phosphate cement (MPC) have also 

been reported to be possible candidate for orthopaedic applications [151,152,153,154,155,- 156] Wu et al. 

[157] synthesized the magnesium calcium phosphate cement (MCPC) and reported that 

cytocompatibility of MCPC was higher than the monolithic CPC and MPC when cultured 

with MG 63 cell line. After 7 days of incubation, optical density of cells for MCPC has 

been increased by 150 % than that of 2 days of incubation. In another study, it has been 

observed that the addition of piezoelectric 20 wt. % and 40 wt. % BaTiO3 in CPC 

decreases the cell proliferation, cultured with OB-6 pre-osteoblast cell [158]. Duan et al. 

[159] reported that addition of 1.5 wt. % of graphene oxide (GO) in nano-rod HA 

(NRHA) enhances the cell proliferation as compared to control samples, when cultured 

with MC3T3-E1 cells. The mineralization of HA crystals occurs in three steps. First the 

calcium ions were absorbed and nucleated on HA nanocrystals. Second, transition from 

nanocrystals into plate shaped nanocrystals and at the last formation of cluster of HA 

nanocrystals occurs [Fig. 2.16]. 

 

Fig. 2.16 Schematic diagram representing the mineralization of HA in SBF [161]. 
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In another study, Zhu et al. [160] demonstrated the cytocompatibilty of HA-GN and HA-

MWCNT composite samples, cultured with MC3T3-E1 cells. It has been observed that 

the addition of 2 wt. % graphite nano (GN) sheets in HA hindered the cell proliferation 

while incorporation of 2 wt. % multi walled carbon nano tubes (MWCNT) stimulated the 

cell proliferation. It has been suggested that fiber structured substrates absorbed more 

protein than sheet structured substrates. 

2.7 Summary 

As a closure, this chapter reviews the effects of incorporation of piezoelectric secondary 

phase in various ceramic matrices, on their mechanical properties such as, fracture 

toughness, compressive strength, hardness and bending strength. Towards this 

perspective, the potentiality of piezoelectric secondary phases in providing the additional 

toughening by means of converting the mechanical energy into electrical energy have 

been elaborately discussed.  Further, the influence of surface charge in inducing the 

antibacterial response has also been reviewed. In contrast, the cellular response can be 

improved by inducing the surface charges by polarization as well as by the application of 

external electrical stimulation during cell growth and proliferation.  

As the electrical activities of bone play an important role in controlling various metabolic 

processes of natural bone, the development of materials for orthopedic applications 

requires careful consideration of such electro-active response in addition to the reasonable 

mechanical properties. Therefore, in addition to biocompatibility, bone mimicking 

mechanical, dielectric and electrical properties of developed implants can be suggested to 

a better alternative,   as far as the long term success of prosthetic implant is concerned. 
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Fig. 2.17 Diagram, representing the novelty of present work 
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