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Chapter 4 

Electroactive response of electrovector and ferroelectric ceramics 

The ability of hydroxyapatite (HA) to convert readily into an electret under low polarizing 

field (≤ 1 kV/cm) makes it as an excellent substitute for electro-active prosthetic implants. 

The piezoelectric bioceramic sodium potassium niobate (NaxKyNbO3, NKN, where 0 ≤ x ≤ 

0.8; 0.2 ≤ y ≤ 1), with a unique combination of piezoelectric / electrical response, is also an 

excellent alternative to the electro-active prosthetic implants. In the present study, compacts 

of electrovector HA, ferroelectric Na0.5K0.5NbO3 (NKN) and HA-25 vol % NKN were 

developed through spark plasma sintering route. The compacts of HA and NKN were then 

polarized at various polarizing fields of 30, 50 and 90 kV/cm, respectively, at 150˚C for 1h. 

While compact of HA-25 vol % NKN composite was polarized at 90 kV/cm. Thereafter, 

samples were depolarized at heating rates of 1, 5 and 10˚C/min, respectively. The study 

attempted to understand the behaviour of HA, polarized under very high E-field (~ 100 

kV/cm) as compared with that of NKN which generally requires very high E-field to polarize 

(≥ 30 kV/cm). Further, in order to examine the effect of such a high E-field (90 kV/cm) on the 

bulk electrical properties, dielectric (ε) and ac conductivity behaviour of unpolarized and 

polarized (90 kV/cm) HA have been compared. Similar studies have been carried out for 

NKN and HA-25 vol % NKN composite as well. Thereafter, X-ray photoelectron spectroscopy 

(XPS) has also been performed for unpolarized and polarized (90 kV/cm) HA to analyse any 

alteration in surface chemistry due to polarization.  

4.1. Material preparation 

4.1.1. Materials 

Electroactive bioceramics have been recognized as potential substrates for hard tissue 

replacement. This is due to the fact that bone is piezoelectric in nature and its piezoelectricity 

has been reported to play a crucial role in various bone metabolic activities as well as assists 
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in the healing of bone fractures and regeneration.
1,2,3

 In this view, the electroactive 

bioceramics find their major role in bone implant applications.
2
 In addition, such bioceramics 

can be developed into electro-active scaffolds which can mimic the bioelectrical nature of the 

living tissue and further facilitate the repair and growth/development of hard tissues such as 

bone and cartilage.
4
 It has been reported that the developed piezoelectric scaffolds provide 

suitable electrical signals similar to the bioelectrical signals perceived in the extracellular 

matrix as well as in the bone remodelling and growth.
5
 In bone, collagen is a major 

constituent which is responsible for the piezoelectric effect in bone.
2
 In response to the 

internal forces /external forces, collagen develops electric charges/signals which transmit via 

ECM to the voltage gated channels of osteocyte cells.
4
 The osteocyte cells are the main 

cellular systems responsible for the mechano-transduction property of the bone.
4
 These 

osteocyte cells communicate with other bone cells such as osteoblasts and osteoclasts.
4
 

Therefore, the bioelectrical signals, generated in collagen, transmit to the intracellular 

compartment to the nucleus and thereafter, various cellular processes such as matrix 

production, cell growth and repair are induced.
4,6

 

The surface electric potential on electroactive bioceramics enhances the osteobonding with 

bone tissue as well as induces favourable biological responses. In this backdrop, polarized 

hydroxyapatite (HA) has been an excellent choice as the induced surface charges via 

polarization has reported to significantly improve the crystallization of inorganic ions, in-

vitro and in-vivo.
2,7,8

 These surface charges enhance the protein adsorption on the material 

surface which affects the cell morphology, growth and proliferation.
2,7,8

 In this perspective, a 

section has been dedicated in the literature review (chapter 2) which discusses the 

electroactive response of polarized HA and its biological response. Also, the structural, 

chemical and morphological similarity of HA with the mineral component of bone tissue 

makes it an excellent bioactive bone implant material. On the other hand, piezoelectric 
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bioceramics have also been suggested as an excellent alternative, as the surface charges, 

induced due to polarization increases the osteobonding.
9,10 

In addition, piezoelctricity also 

assists in the healing of fractures.
11,12

 It has also been proposed that the implanted 

piezoelectric scaffolds generate electrical charges / signals under biological loads which 

activate the voltage gated channels of bone cells resulting in increased intracellular Ca
2+

 

concentration which enhance cell proliferation and thereby bone regeneration at the fractured 

site.
11,13,14,15

 In this perspective, ferroelectric Na0.5K0.5NbO3 (NKN) has been recognized 

among the excellent electroactive (piezoelectric strain coefficient: d33 ~ 161 pC/N, 

electromechanical coupling coefficient: kp ~ 0.44 and mechanical quality factor: Qm ~ 280) 

and biocompatible materials.
16,17

 The development of prosthetic implant material with 

reasonable biocompatibility and electro-active response similar to that of bone is anticipated 

to be a potential alternative. In view of above, the development and consequences of 

polarized HA, NKN and HA-25 vol % NKN have been discussed elaborately in the 

subsequent sections.  

4.1.2. Synthesis 

Hydroxyapatite (HA) nanopowder was obtained from Sigma Aldrich, USA. The 

Na0.5K0.5NbO3 (NKN) was synthesized using stoichiometric amounts of high purity (99.99%) 

grades of Na2CO3, Nb2O5 and K2CO3. The raw constituents were ball milled for 24 h in 

polyethylene jar using zirconia balls (5 mm dia) and acetone as milling media. After milling, 

the mixer was filtered and dried using rotary vacuum evaporator (N-1100, EYELA, Tokyo, 

Japan) and oven, respectively. The dried powder was calcined at 910˚C for 10 h with the 

heating rate of 5˚C/min. HA-25 vol % NKN was also prepared. In the process, the dried 

powders of HA with 25 vol % of NKN were balled milled for 16 h in acetone medium. The 

process allows the homogeneous mixing of both the constituents as well as facilitates the 

reduction in their particle sizes.  
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The spark plasma sintering (SPS, Model 515S, Fuji Electronic Industrial Co., Ltd, Saitama, 

Japan) route was adapted to sinter the powder compacts of HA, NKN and HA-25 vol % NKN 

composite. The samples were sintered at 950˚C for 5 min in vacuum [Fig. 4.1]. As depicted 

in Fig. 4.1, multi-stage sintering route was adapted. During the entire process, the constant 

pressure of 80 MPa was applied. The reduced atmosphere/vacuum sintering of NKN prevents 

the volatilization of alkali elements (Na and K), which provides superior densification as 

compared to conventional sintering techniques.
18

 However, the reduced atmosphere sintering 

forms oxygen vacancies in the typical perovskite structure of NKN. Therefore, the developed 

compacts of HA, NKN and HA-25vol % NKN were annealed in air at 700˚C for 2 h to obtain 

the stoichiometric NKN as well as to remove the carbon contamination.  

 

Fig. 4.1: Thermal sintering cycle, followed during spark plasma sintering of 

hydroxyapatite (HA), Na0.5K0.5NbO3 (NKN) and HA-25 vol % NKN composite. 

The SPS route is a rapid sintering technique which prevents diffusion, compositional 

fluctuations as well as formation of secondary phases.
19

  SPS facilitates the development of 

high density (~ 99% of theoretical density) HA compacts at lower (100 - 200˚C) temperature 

than that of the conventional sintering techniques.
20,21

 Sintering atmosphere affects the 

microstructure as well as electrical properties of HA. In addition, multi-stage SPS route has 
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been demonstrated to produce dense oxide and non-oxide ceramics which exhibits superior 

mechanical properties as compared to those prepared from single-stage route.
22

 In perspective 

of HA- based composites, SPS route prevents abnormal grain growth, decomposition of HA 

phase as well as reaction between HA and reinforcement phase. Recently, it has been 

reported that HA, developed under different sintering atmospheres (water vapour and air), 

can be semi-permanently or permanently polarized due to the structural difference of their 

surfaces.
23

 The permanently polarized HA has the ability to adsorb inorganic bioabsorbates 

which significantly improves its biomedical applications.
24

 In addition, high temperature (> 

1000˚C) conventional sintering induces OH
-
 defects in the crystal structure of HA. Low 

temperature sintering (< 1000˚C), however, can inhibit the formation of OH
-
 defects which 

plays the crucial factor in determining the electrical properties of HA. The present study 

utilizes the SPS route for consolidation of powder compacts, which has been reported to form 

OH
-
 defects at low temperature (850˚C) due to sintering in vacuum atmosphere.

25
  

4.2. Phase evaluation and morphological characterization  

X-ray diffraction (RAD-C, RIGAKU, Tokyo, Japan) analyses were performed to confirm the 

presence of different phases in the calcined powders as well as in SPSed compacts (2θ ~ 20 - 

60° @ 0.02° /min). SPSed samples were mirror polished and the morphological analysis was 

performed by scanning electron microscopy (SEM, JSM-7001F, JEOL, Tokyo, Japan). 

4.3. Dielectric measurement  

For dielectric measurement, mirror polished samples were electroded with Ag-Pd paste and 

cured at 700˚C for 5 min in air. The dielectric response of the samples was recorded over a 

wide range of temperature (25˚C - 600˚C) and at 100 kHz of frequency using an impedance 

analyzer (4294A, Agilent Technologies Inc., Palo Alto, CA). Samples were heated at a 

heating rate of 3˚C/min. Further, the dielectric constant (    
  

   
 , where, C, d and A are 
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capacitance, thickness and area of the samples, respectively and ε0 is the permittivity of free 

space) and alternating current (σac) conductivity (σac= Gd/A; where G is the conductance; G 

= ωCD; ω = 2 f and D are the angular frequency and dielectric loss, respectively) were 

evaluated.  

4.4. Thermally stimulated depolarization current (TSDC) measurement 

Thermally stimulated depolarization current (TSDC) is the study of temperature dependent 

relaxation in dielectrics and polymers.
26,27

 The method employs, heating the sample till the 

polarizing temperature (Tp) and thereafter, applying a polarizing E-field (Ep) for a certain 

polarizing time (tp). The sample is then cooled down to room temperature under sustained 

polarizing E-field (Ep). At room temperature, the polarizing field is removed and thereby, the 

sample is obtained in its polarized state. On reheating the polarized sample at a particular 

heating rate (β), the depolarization current is observed. The acquired TSDC spectra may 

consist of multiple relaxation phenomenons [Fig. 4.2]. These relaxations can be decomposed 

into individual relaxations using thermal sampling (TS) method.
28,29,30,31,32,33,34

 Each 

individual relaxation is characterized by its activation energy (Ea).
34  

The TSDC is the depolarized current density [J(t)] which can be defined as the rate of 

discharge of frozen polarization [P(t)] with time,
35
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Assuming that the P(t) decays with a single temperature dependent relaxation time [τ(T)], 

then accordingly,
36
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Integrating eq. (4.2), one can obtain, 
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Fig. 4.2: Schematic illustration of the methodology, utilized for the thermally stimulated 

depolarized current measurement (TSDC).
37

 (Reproduced with permission from 

Springer Nature) 

Where, Po is the initial polarization established during poling, ti and tf are the initial and final 

time durations of measurement of depolarization current. Considering eqs. (4.1) and (4.2), 

relaxation time τ(T) can also be expressed as, 
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Where, 
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Eq. (4.5) can also be expressed as a function of temperature (T) as, 
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Where, Ti and Tf  are the initial and final temperatures of measurement, corresponding to 

initial and final time of measurement (ti, tf) and β = dT/dt is the heating rate with which the 

TSDC is measured. Using eqs. (4.1), (4.2) and (4.3), current density can be expressed as, 
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For the measurement of the TSDC, it is generally assumed that the relaxation time [τ(T)] of 

the relaxation processes in dielectrics follows Arrhenius law. Therefore, the temperature 

dependent relaxation time is expressed as, Tk

E

o
B

a

eT  )( , where, τo is the pre-exponential 

factor and Ea and kB are activation energy for the relaxation of the dipoles and Boltzmann’s 

constant, respectively.
26

 It is a Debye relaxation rate which assumes that the decay of the 

polarization with time follow first-order kinetics. Therefore, eq. (4.7) can also be expressed 

as, 
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Eq. (4.8) is also called Bucci-Feischi theory.
26

 It consists of two exponentials, the first 

exponential is dominant at lower temperatures, depicting the increase in the TSDC (increase 

in the relaxation of dipolar polarization) with temperature. The second exponential dominates 

at higher temperatures that gradually counter the increase in TSDC (exhaustion of induced 

polarization progresses) until a maxima is reached. The TSDC spectrum is, therefore, 

symmetric with respect to temperature. According to Bucci-Feischi theory, the spectrum of 

TSDC represents the current due to the relaxation of the dipolar polarization. Therefore, the 

associated activation energy (Ea) also depicts the relaxation of dipolar polarization. However, 

the activation energy can also be associated with space charge conduction due to space 

charge polarization with the assumption that the mobility of all the polarized charges is 

same.
38,39

 Therefore, the initial polarization (Po) consists of dipolar as well as space charge 

polarization.
38

 Considering the fact that polarization consists of only dipolar polarization 

(PDP), the initial polarization Po attained after poling, can be expressed as, 
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(4.9) 

Eq. (4.9) is known as the Langevin-Debye equation,
40

 where the parameters N, and m denotes 

the density of the dipoles per unit volume and electric dipole moment, respectively. The eq. 

(4.9) suggests that the dipolar polarization is a function of polarizing field (Ep) which are 

linearly proportional to each other. If polarization is inclusive of space charge polarization 

(PSC), then it is expressed as,
41
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In this equation, q is the ionic charge, N is the mobile charges per unit volume, a is the 

potential barrier for the ion to escape from the trap or it is the jump length and v is the escape 
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frequency of the ion from the trap. Eq. (4.10) signifies the exponential relationship between 

space charge polarization and the polarizing E-field (Ep). Therefore, TSDC consists of 

depolarization current due to dipolar as well as space charge polarization. Under the 

assumption that these currents are linearly dependent on each other, the TSDC can be 

expressed as, 

                                          
)/exp( TkUECIII BOSCDPTSDC 

                                      
(4.11) 

IDP, ISC are the currents due to dipolar as well as space charge polarization. The third 

expression is the stray current due to Ohmic conductivity.
38

 The ohmic conductivity and 

thermo-electromotive force E are usually small at low temperature but rises exponentially 

with increase in temperature. Determining the polarization parameters such as PDP, PSC, τo, Ea 

and the stray current, the TSDC spectrum can be reproduced. Eq. (4.8) can also be expressed 

as, 
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As mentioned before, the obtained TSDC spectrum consists of multiple relaxations, therefore, 

to evaluate the associated activation energy with each relaxation, the spectrum can be 

deconvoluted. Each deconvoluted peak would consist of peak temperature (Tm) at which 

maximum current is observed. Therefore, activation energy can be evaluated from the slope 

of linear curve between ln τ v/s 1/kBT. In this method, the area under each deconvoluted 

spectrum is utilized to evaluate the associated activation energy.
42

 This method is known as 

the area method or the initial rise method. In the present study, the area method was applied 

to evaluate the activation energy of the TSDC spectra of HA. 

The other method, generally called the peak temperature method, can also be utilized to 

evaluate the associated activation energies of the deconvoluted peaks.
35,36,43

 It can, therefore, 
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be described as the temperature, at which the peak current density is observed, can be 

evaluated from the eq. (4.8), by dJ(T)/dT= 0, one can obtain, 
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Using eq. (4.13), activation energy can be evaluated from the slope of the linear curve plotted 

between ln (Tm
2
/β) v/s (1/Tm). Eq. 4.13 also suggests the influence of heating rate (β), τo, and 

Ea on the position of peak temperature (Tm) in the TSDC spectra. From eq. 4.13, it can be 

suggested that as the heating rate increases, the relaxation in initial polarization does not 

happen instantaneously, that is why, the relaxation peaks are shifted to higher temperature in 

the TSDC spectra.
37

 Therefore, to increase the resolving power of TSDC i.e. to obtain the 

maximum relaxations, slow heating can be utilized. However, in the end heating rate might 

influence the TSDC, but overall spectra depends on τo and Ea.
37

 The charge stored (QP) in the 

sample during polarization can be evaluated from the TSDC spectra as,
43
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Spark plasma sintered compacts of HA and NKN were polarized at various polarizing E-field 

(Ep) intensities of 30, 50 and 90 kV/cm at polarizing temperature (Tp) of 150˚C for 1 h in a 

silicon oil bath. SPSed compact of HA-25 vol % NKN composite was polarized at 90 kV/cm. 

The compacts were cooled down to room temperature under the constant exposure of 

polarizing E-field. The polarized samples were kept at room temperature for a day to release 

the surface/stray charges. Thereafter, the polarized samples were heated at various heating 

rates of 1˚, 5˚ and 10˚C/min, respectively up to 500˚C and consequently, thermally stimulated 
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depolarization current (TSDC) measurements were performed using a picoammeter (Model 

6487, KEITHLEY, Solon, OH).  

4.5. X-ray photoelectron spectroscopy (XPS) analyses 

The polarization at such a high field (~ 100 kV/cm) can raise the concern of alteration in the 

surface chemistry of HA. To address this issue, the surface sensitive analytical tool, X-ray 

photoelectron spectroscopy (XPS) has been used to study the surface characteristics of the 

unpolarized and polarized surfaces of SPSed HA. XPS becomes important as the surface 

chemistry plays a crucial role during interfacial interaction of implant with the host tissue. 

Also, such treated samples may likely to have different compositions near the surface and in 

the bulk, and therefore, bulk characterization often leads to misinterpretation of 

structure/function relationships during interfacial interaction.   

4.6. Results and discussion 

4.6.1. Phase analyses and microstructure 

The densification of SPSed HA, NKN and HA-25 vol % NKN samples was about 99% which 

is reasonably higher than that of conventionally sintered samples.
44

 Fig. 4.3 [(a) and (b)] 

represents the X-ray diffraction (XRD) patterns of calcined as well as SPSed HA and NKN. 

The XRD pattern of sintered HA [Fig. 4.3(a)] reveals the presence of pure hexagonal phase 

(JCPDS no. 09-0432) without any appearance of secondary phases. The XRD pattern of 

sintered NKN [Fig. 4.3(b)] reveals the formation of pure orthorhombic perovskite phase 

which has been indexed using ICSD file no. 247571.  
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Fig. 4.3: X-ray diffraction spectra for calcined as well as sintered (a) HA and (b) 

Na0.5K0.5NbO3 (NKN), and (c) HA-25 vol % NKN composite.   
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Fig. 4.4: Scanning Electron Microscopic images of fractures surfaces of SPSed (a) HA, 

(b) NKN and (c) HA-25 vol % NKN composite. 

The intensities of the peaks, corresponding to pure HA and NKN phases are observed to be 

higher for the sintered samples than the calcined samples. Fig. 4.3(c) represents the XRD 

pattern of  SPSed HA-25 vol % NKN composite. The pattern depicts the presence of both HA 

and the reinforcement phase i.e., NKN in the composite without any sign of dissociation or 

reaction between the constituent phases. Figs. 4.4(a), 4.4(b) and 4.4(c) represent the 

microstructure of fractured surfaces of HA, NKN and HA-25 NKN composite, respectively. 

The dense microstructure is evident from all the images. Also, the brittle mode of fracture is 

observed as the dominant mode of fracture. 

 

1 μm 

(a) 

HA 1 μm 

(b) 

NKN 

1 μm 

(c) 

HA - 25 NKN 
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4.6.2. TSDC characteristics of HA 

Fig. 4.5 represents the variation of thermally stimulated depolarization current of HA with the 

temperature at heating rates of 1, 5 and 10˚C/min, respectively. The samples were polarized 

at 30 kV/cm [Fig. 4.5(a)], 50 kV/cm [Fig. 4.5(b)] and 90 kV/cm [Fig. 4.5(c)], respectively. 

The TSDC spectrum is observed to depend on external polarizing E-field (Ep) as well as the 

heating rate (β) (for depolarization). For depolarization at a heating rate of 1˚C/min, the 

current density peak (Jmax) appears to shift towards higher temperatures (> 500˚C) with the 

increase in Ep from 30 to 90 kV/cm. Similar depolarization behaviour is observed at a heating 

rate of 5˚C/min. However, few peaks are observed at ~ 450˚C during the cooling phase, 

which represents that the samples are not completely depolarized up to 500˚C. For the 

depolarization at a heating rate of 10˚C/min, peaks are observed in the lower temperature 

range (100˚C - 300˚C) for Ep of 30 and 90 kV/cm [Figs. 4.5(a) and (c)]. From the TSDC 

spectra, the charge (Qp), stored in HA can be evaluated using eq. (4.14).
43

  

The maximum current density (Jmax) and charge (Qp), stored by polarization at various 

polarizing fields (30 - 90 kV/cm) are provided in table 4.1. It is observed that with the 

increase in the intensity of the polarizing field from 30 to 90 kV/cm, the peak current density 

(Jmax) increases for depolarization at a heating rate of 1˚C/min. Also, for depolarization at 

1˚C/min, the amount of charge increases significantly with the increase in polarizing E-field 

as compared with depolarization at heating rates of 5 and 10˚C/min. The significant increase 

in charge density (Qp) with polarizing field (Ep) is only observed for depolarization at 

1˚C/min. This can be due to the fact that with slow heating rate (β), maximum number of 

relaxations in dielectric has taken place while with increase in heating rate (β), several 

relaxations do not happen and therefore, a dielectric responds slowly.
37
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Fig. 4.5: Thermally stimulated depolarization current (TSDC) spectra for HA, polarized 

at E-field strength of a) 30 kV/cm, b) 50 kV/cm and c) 90 kV/cm, respectively. The 

depolarization current was measured, while heating the polarized samples at heating 

rates of 1, 5 and 10˚C/min, respectively. 

As already mentioned, the TSDC spectra [Fig. 4.5 (a) & (c)] consists of multiple relaxation 

phenomenon, therefore using area method, activation energy can be evaluated from the slope 

of the linear curve plotted between ln τ v/s 1/kBT [Fig. 4.6 (a)-(i), (a)-(ii), (b)-(i), (b)-(ii)].  
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Table 4.1: Depolarization response of HA as a function of polarizing field and heating 

rate. 

Polarizing E-

field (Ep) 

(kV/cm) 

Peak 

Temperature(Tmax) 

(˚C) 

Jmax (nA/cm
2
) QP Heating rate 

(β)(˚C/min) 

 

30 kV/cm 

464 24.8 1.12 µC/cm
2
 1 

460 0.04 0.175 nC/cm
2
 5 

230 0.12 0.214 nC/cm
2
 10 

 

50 kV/cm 

472 45.04 1.65 µC/cm
2
 1 

445 115.3 1.15 µC/cm
2
 5 

400 2.12 9.49 nC/cm
2
 10 

 

90 kV/cm 

453 59.47 2.27 µC/cm
2
 1 

476 22.4 0.15 µC/cm
2
 5 

236 0.198 4.1 nC/cm
2
 10 
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Fig. 4.6.: Deconvoluted TSDC spectra of HA, depolarized at the heating rate of 

10˚C/min after polarization at a) 30 kV/cm and b) 90 kV/cm. The respective Arrhenius 

plots (a)-(i), (a)-(ii), (b)-(i) and (b)-(ii) depicting the activation energies, obtained from 

deconvoluted spectra. 
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4.6.2.1. Mechanism of polarization and depolarization in HA  

The polarization of HA is more sensitive towards polarizing temperature (Tp) rather than the 

polarizing field (Ep).
45

 This is because the mobility of OH
-
 ions in HA as well as the protonic 

conductivity is highly dependent on polarizing temperature.
45

 However, in the present study, 

all the SPSed samples were polarized at low polarizing temperature (Tp = 150˚C) and high 

electric field (30 - 90 kV/cm). Apart from temperature, polarizing electric field also affects 

the mobility of ionic species [O
2-

, protons (H
+
) and OH

-
 ions] as well as the orientations of 

OH
-
 dipoles in the HA lattice. It can be seen in the Figs. 4.5 (a) and (b), that the steepness of 

the curve increases for depolarization at 1˚C/min for Ep of upto 50 kV/cm. Dual peaks for the 

depolarization at a heating rate of 10˚C/min in the lower temperature range (100˚C - 300˚C) 

represents the relaxation phenomenon [Figs. 4.5 (a) and (c)]. After deconvoluting the peaks, 

the corresponding activation energies were observed to lie in the range of 0.4 - 0.7 eV [Fig. 

4.6]. Further, it has been suggested through simulation studies that dominant polarization in 

HA mostly occurs via three main processes i.e., reorientation of the OH
-
 ions, proton 

hopping/migration through oxide (O
2-

) ions / proton vacancy sites and hopping of OH
-
 

vacancies, all of which occur along the columnar OH
-
 channels of the lattice.

46
 It is also 

reported that the TSDC spectra of polycrystalline HA consist of four polarization states with 

each state having different activation energies.
45

 The activation energy for the first 

polarization state is ~ 0.4 eV, which is associated with the orientational polarization due to 

absorbed water.
45

 Whereas, the activation energy of the second and third polarization state is 

~ 0.6 eV which is due to the three dimensional proton (H
+
) migration / conduction via PO4

3-
 

tetrahedra and OH
-
 ions along columnar c-axis.

45
  In another report, it has been suggested that 

the activation energy in the range of 0.67 - 0.86 eV is associated with proton (H
+
) conduction 

along columnar c-axis.
38

 The low activation energy values [Fig. 4.6 (a)-(i), (a)-(ii), (b)-(i), 

(b)-(ii)] correspond to short range proton (H
+
) conduction through columnar c-axis. It can 
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also be suggested here that the relaxation peaks [Fig. 4.5 (a) and (c)] for depolarization at 

10˚C/min in lower temperature range (100˚C - 300˚C) are associated with the orientational 

polarization due to water of hydration. In addition, the lower current density, for the heating 

rate of 10˚C/min, is probably due to the incomplete depolarization within our measuring 

temperature range [Fig. 4.5 (a) and (c)]. The activation energies, associated with the heating 

rates of 1 and 5˚C/min, could not be evaluated because in the former case, the depolarization 

current density peaks appear to shift towards higher temperature (> 500˚C) with the 

polarizing field (Ep) and in the latter case, depolarization current density peaks are observed 

in the cooling phase.  

In the context of above results, detailed mechanisms of polarization and depolarization 

occurring in HA is presented herewith. 

The polarization of HA takes place at elevated temperature under intense polarizing field.
43

 

Fig. 4.7 (a) illustrates the orientation of the OH
-
 along c-axis in the hexagonal lattice. As 

mentioned above, the protons (H
+
) along c-axis become highly unstable as temperature 

increases above 200˚C.
47

 Therefore, under strong polarizing field, movement of the protons 

can be controlled which can further establish the polarization of HA. It has been suggested 

through TSC (Thermally stimulated current) measurement of HA, that the polarization is 

based on the reorientation of the OH
-
 dipoles.

48,49,50
 Fig. 4.7 (b) subsequently represents the 

reorientation of the OH
-
 dipoles which takes place at higher temperatures. The model is 

called the proton rotation model.  

Accordingly, at high temperature, when the bond between protons (H
+
) and oxygen (O

2-
) is 

unstable, the protons (H
+
), present on the O

2-
, rotate and align under sustained E-field. The 

alignment of OH
-
 get freezes up in low temperature region. When reheated, the alignment 

gets disturbed and simultaneously relaxes via rotation of the protons (H
+
). The relaxation of 

the proton rotation depicts phase transition from monoclinic to hexagonal at almost 
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211˚C.
51,52,53

 The activation energy of the relaxation of the rotation, evaluated through the 

thermal sampling method is found to vary between 0.016 to 0.630 eV.
48,49

 Overall, the model 

suggests that the polarization and depolarization in HA occurs via reorientation ability of the 

OH
-
 ions/dipoles under the applied polarizing field.   

 

Fig. 4.7: Schematic representing the (a) arrangement of hydroxide (OH
-
) ion in the 

hexagonal unit cell, (b) the proton rotation model indicating the mechanism of 

polarization and depolarization from left to right and (c) the migration of protons by 

rotation around the O
2-

 ions to the adjacent proton vacancy site.
43

 (Reproduced with 

permission from AIP publishing)    

However, due to the mobility of the protons (H
+
) of the hydroxyl (OH

-
) group in OH

-
 

columns, proton rotation model did not suffice to explain the polarization mechanisms in 

HA.
47

 In addition, it has been reported that in yttrium-substituted calcium oxyhydroxyapatite 
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(Ca10-xYx)(PO4)6((OH)2-2xOx□x); □ = vacancies) having defects of OH
-
 ions and protons (H

+
), 

the conduction of protons (H
+
) and oxide (O

2-
) ions takes place simultaneously at elevated 

temperature ( ≥ 700˚C).
54

 Also, in fluorine substituted HA, conduction through OH
-
 diffusion 

via OH
-
 vacancies is observed with the activation energy of ~ 2.4 eV.

55,56
 As significant 

polarization in HA takes place at higher temperature, the role of conducting species such as 

H
+
, OH

-
 and O

2- 
ions during polarization and depolarization is evident.

47,57
 As shown in Fig. 

4.7 (c), one such polarization mechanism is based on the proton (H
+
) vacancy on O

2-
 ion at 

OH
-
 site. Consequently, the proton (H

+
), present on the O

2-
 ions, rotates and thereafter, 

migrates to the neighbouring proton-vacancy site (O
2-

). Therefore, in the process, the long 

range migration of protons occurs along c-axis channels. Another possible conduction path of 

proton migration would be via PO4
3-

 tetrahedra due to its relatively shorter distance than the 

adjacent OH
-
 site. The associated activation energy for this type of proton migration has been 

evaluated to be in the range of 0.7 - 0.9 eV.
43  

 

Fig. 4.8: Schematic illustration of (a) proton migration along c-axis in the applied field 

direction from left to right and (b) the process of dehydration and consequently, the 

diffusion of oxide (O
2-

) ions from upper to lower sites after dehydration and thereafter, 

lower to upper sites along c-axis.
58

 (Reproduced with permission from John Wiley and 

sons) 
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The TSDC parameter such as, polarizing temperature significantly influences the stored 

charge in HA.
45,58

 Therefore, it has been suggested that the polarization and depolarization in 

HA take place through ionic diffusion.
58

 Also, as polarization temperature increases, the 

associated activation energy increases, depicting that the different mechanisms of 

polarization and depolarization contributes at different temperatures. It has been reported that 

the activation energy of almost 1 eV is associated with the proton migration through HA 

lattice for the polarization temperature of almost 400˚C.
56,58

 The migration of protons through 

the rotation around OH
-
 ions requires the proton vacancy in the adjacent OH

-
 site but the 

hypothesis of occurrence of this type of vacancy is implausible.
56

 It is due to the fact that the 

protons (H
+
) are loosely associated with O

2-
 ions in the OH

-
 group at elevated temperature 

and therefore, get dissociated easily to exhibit proton conduction through the HA lattice.
47

 As 

the temperature of polarization (Tp) increases above 400˚C, the stored charge density (Q) in 

HA increases (15 µC cm
-2

 to 1.2 mC cm
-2

) with the increase in associated activation energy 

(> 1 eV).
58

 At such high temperature, the partial dehydration of HA takes place, leaving the 

vacancies at lattice OH
-
 sites and therefore, the ions such as O

2-
 and OH

-
 are proposed to 

conduct.
58

 Simulation results suggest that the O
2-

 ions have comparatively larger mobility 

than the OH
-
 ions.

55
 In addition, it has been demonstrated that the diffusion of O

2-
 ions occurs 

with the associated activation energy of almost 2 eV.55 Overall, it can be suggested that with 

lower polarization temperature (≤ 400˚C), the polarization and depolarization is mediated 

through proton conduction, dissociated from the OH
-
 ions.

56
 At higher values of polarizing 

temperature (≥ 400˚C), diffusion of O
2-

 ions through the HA lattice HA takes place along 

with partial dehydration [Fig. 4.8].
58,59

 The study suggested that the stored charge density in 

HA electrets vary between 0.1 µC cm
-2

 and 1.2 mC cm
-2

.
58

 In addition, it significantly 

depends on the polarization temperature and slightly on polarizing field.
58  
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Fig. 4.9: Schematic representation of the polarization process occurring in the 

polycrystalline HA with different grain sizes and similar carrier density. Pattern 1 

depicts the accumulated charge after polarization without the hindrance of the grain 

boundaries and Pattern 2 reveals the influence of grain boundaries on the accumulated 

charge, after polarization.
45

 (Reproduced with permission from AIP publishing) 

For the case of polycrystalline HA, as the polarizing temperature increases (250˚C to 500˚C), 

the peak of the depolarization current (TSDC) shifts to higher temperatures (250˚C to 

620˚C).
45

 In addition, the stored charge density in HA also increases (0.5 to 45 µC cm
-2

).
45

 

The average grain size in polycrystalline HA also influences the stored charge with negligible 

effect on the TSDC characteristics.
45

 As the average grain size increases (2 to 11 µm), the 

stored charge density increases from 15 to 60 µC cm
-2

.
45

 The variation in poling condition 

such as, polarizing time as well as polarizing field along with the variation of the 

microstructure of the polycrystalline HA resulted in the TSDC spectrum which theoretically 

consists of four polarization states.
45

 The first polarization state with activation energy of 0.4 

eV is associated with the orientational polarization of the adsorbed water.
45

 Second and third 

polarization state is due to the hopping of the protons (H
+
) via PO4

3-
 tetrahedra as well as OH

-
 

ions sites in the grains and the associated activation energy is almost 0.6 eV.
45

 Fourth 
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polarization state is suggested to be associated with the migration of protons within the grain 

boundaries with the activation energy of almost 1 eV.
45

 It should be emphasized that the 

activation energy is not influenced by the grain size.
45  

It is well known that the grain boundaries are regions of high impedance for ionic conduction. 

Therefore, polarization charges are greatly influenced by their sizes.
45

 Fig. 4.9 schematically 

represents the polarization in the polycrystalline HA having different grain sizes with the 

assumption of equal carrier densities (H
+
). The patterns one and two illustrate different 

polarization charges which are accumulated after poling. The pattern one suggests that if the 

proton migration is free from the influence of grain boundaries, similar charges will be 

accumulated after poling the polycrystalline HA compacts, irrespective of grain sizes. While 

pattern two reveals the effectiveness of the grain boundaries which obstruct the proton 

conduction and therefore, the charge accumulated, after poling, is different for different grain 

sizes.
45  

In all the above mentioned polarization mechanisms, proton conductivity in HA has played 

significant role. In addition, the polarization and depolarization mechanisms discussed above 

are for the HA compacts which was prepared under the H2O stream for suppressing OH
-
 

defects. However, in normal air sintering, HA develops defects at OH
-
 sites on dehydration at 

elevated temperature.
39,60,61

 Various conduction mechanisms such as proton hopping, OH
-
 as 

well as O
2-

 diffusion are mediated through OH
-
 defects.

43,47,56,57,58,62
 In addition, the 

polarization due to the reorientation of the OH
-
 dipoles has a shorter relaxation time and 

therefore, unstable at room temperature.
48,49,50

 However, HA possesses persistent polarization 

which influences its interfacial interaction with the biological environment. The development 

of persistent polarization in defect induced HA has been elucidated with respect to TSDC 

studies. The obtained TSDC spectra of defect-induced polarized HA, consists of dual peaks.
38

 

From the TSDC spectra, it can be observed that as polarizing field increases, the peak 
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intensities of TSDC increase. The lower temperature peak in the TSDC spectra increases 

linearly with polarizing field according to the eq. (4.9). Therefore, it can be suggested to be 

associated with the dipolar polarization according to the Langevin-Debye relation.
40

 The 

increase in the peak intensity of the higher peak is exponential with respect to polarizing field 

and therefore, it can be said to be associated with space charge polarization [eq. 4.10].
41  

 

Fig. 4.10: Schematic representation of mechanism of formation of defect pair dipoles: 

(a) HA crystal having no OH
-
 defect, (b) creation of OH

-
 and H

+
 defects on 

dehydroxylation, (c) Subsequent transfer of protons for realignment of defect pair 

dipoles and (d) aligned defect pair dipoles along the E-field.
38

 (Reproduced with 

permission from AIP publishing) 



152 
 

 

Fig. 4.11: Schematic illustrating the mechanism of space charge formation in HA, (a) 

proton defects present randomly in the grains, (b) E-field application transfers the 

protons in the specified direction and accordingly accumulating on the grain 

boundaries.
38

 (Reproduced with permission from AIP publishing)  

The dipole polarization model corresponding to the defect concentration is schematically 

depicted in Fig. 4.10. The OH
-
 ions are aligned along the c-axis and their orientation can be 

either up or down with the consideration that HA possesses no OH
-
 defects [Fig. 4.10(a)]. At 

elevated temperatures, vacancies of OH
-
 ions at OH

-
 site and protons (H

+
) on O

2-
 sites are 

formed in the structure due to the process of dehydroxylation [Fig. 4.10(b)]. The defect at 

OH
-
 site renders an effective charge of +1 and the defect at H

+
 site renders an effective of 

charge -1 [Fig. 4.10(b)]. Thereafter, these defect pairs form dipole with random proton 

transfer. On the application of E-field, the transportation of protons (H
+
) in the specified 

direction takes place, as indicated by solid lines in Fig. 4.10 (c) and (d), thereby, dipoles of 

defect pairs are consequently aligned along the field direction [Fig. 4.10 (e)]. With the 

increase of defect concentration, the dipole defect pair increases and henceforth, the dipole 

polarization also increases. The activation energy of the dipole polarization increases with 

increased OH
-
 defects. It is suggested that the formation of defect pair dipole, as illustrated, is 

the result of proton conduction, as indicated by activation energy value (< 1 eV).
56

 The 

increased activation energy with the increased amount of defect is attributed to the change of 
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local structure on the introduction of OH
-
 defects which thereby hinders the mobility of 

protons.
38

  

Fig. 4.11 demonstrates the mechanism of formation of space charge in the crystal structure of 

HA, after introducing defects. Originally, the defects are produced by the dehydration of the 

HA structure at elevated temperature.
63

  As depicted, the defects are dispersed evenly in the 

grains [Fig. 4.11(a)]. The applied E-field initiates the movement of the protons in the grains 

through defects. The doted square box are denoted as proton vacancies and on the application 

of E-field, these vacancies proceed in the direction, opposite to the applied field. 

Subsequently, proton transfer takes place in the grains through long distances. Therefore, the 

protons accumulate near the grain boundaries and this distribution gives rise to space charge 

polarization [Fig. 4.11(b)]. As defect concentration increases, the density of the mobile 

protons increases with increase in the number of proton vacancies and as a result, space 

charge polarization also increases. The activation energy of space charge polarization is 

independent with respect to the defect concentration.
38

 In space charge polarization, 

activation energy is considered to be the barrier height for trapping and detrapping of charge 

(H
+
), associated with the grain boundaries. The associated activation energy lies in the range 

of 1.01 - 1.02 eV.
64

 It can, therefore, be suggested that persistent polarization in HA 

comprises of dipolar polarization, associated with the grains and space charge polarization, 

associated with the grain boundaries.  

4.6.3. Dielectric and ac conductivity behaviour of HA 

Fig. 4.12(a) represents the variation of dielectric constant and loss with temperature for 

unpolarized and polarized HA (Ep = 90 kV/cm) at 100 kHz of frequency. The dielectric 

variation of unpolarized and polarized HA (90 kV/cm) is almost similar (except above 

500˚C), indicating that sample chemistry has been preserved even after polarization 

treatment. The dielectric constant increases with increase in temperature. The significant rise 
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in the dielectric constant after 100˚C and respective peak in the loss curve for the similar 

temperature range are associated with the relaxation of space charge and dipolar polarizations 

for both, the unpolarized and polarized HA.
65,66

 The anomalies associated with the dielectric 

curve in the temperature region of 150 - 250˚C is mainly attributed to the temperature 

dependent phase transition from monoclinic to hexagonal (P21/b to P63/m) phase.
38,67

 In 

addition, it has been suggested that at the phase transition temperature, the mobility / 

reorientational motion of OH
-
 dipoles is abruptly enhanced, however, their adjacent 

interaction along the column is weak.
68

 The increase in the dielectric constant [Fig. 4.12 (a)] 

after the phase transition temperature represents reorientation of OH
-
 dipoles along c-axis of 

the lattice.
66

 According to Zakharov et al.
69

, above 300˚C, the increase in dielectric constant 

with temperature is due to the polarization caused by proton (H
+
) migration via the formation 

of thermal defects. It has also been suggested that in the temperature range of 350 - 450˚C, 

the reorientation of the protons (H
+
) of the OH

-
 ions along c-axis becomes independent of the 

adjacent OH
-
 ions in the lattice. This state is dynamically stabilized.

48,49,50
 Further, at elevated 

temperature (> 500˚C), dispersion in the curves of the dielectric constant is observed. Similar 

dispersion in the loss curve is observed, above 400˚C. It is known that HA depolarizes at the 

higher temperature (≥ 400˚C), therefore, peak in the loss curve above 500˚C might be 

associated with the relaxation of space charge in the bulk, trapped under thermal potential 

barrier as well as of OH
-
 dipoles. Such response was not observed in the TSDC curve due to 

its experimental limitations of up to 500˚C. The corresponding downfall in the dielectric 

curve above 500˚C also represents a similar phenomenon. The significant increase in the 

dielectric curve above 500˚C and a corresponding decrease in the loss curve for the 

unpolarized HA can be suggested to be associated with an increase in conduction of protons 

(H
+
) in the bulk. 
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Fig. 4.12: (a) Variation of dielectric constant (εr) and loss (D) as well as (b) ac 

conductivity with temperature at 100 kHz of frequency for the unpolarized and 

polarized (90 kV/cm) HA. (c) Variation of ac conductivity with inverse of temperature 

for the unpolarized and polarized HA. 

Fig. 4.12 (b) represents the variation of ac conductivity with the temperature at 100 kHz of 

frequency for unpolarized and polarized HA. For both the samples, the conductivity increases 

exponentially with temperature up to 150˚C and thereafter, it decreases. After maxima at ~ 

150˚C, it shows quasi-linear behaviour for polarized HA up to 500˚C. While, in case of 

unpolarized counterpart, a slight parabolic behaviour is observed up to 500˚C. The maximum 

at 150˚C corresponds to the relaxation process which is probably associated with the 

migration of protons (H
+
) in adsorbed water.

66,69
 It has been suggested that the hydroxyl 
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groups, present on the surface of HA attract the water molecules.
70

 In addition, the water of 

hydration forms multiple layers on the HA surface.
71,72

 These layers of adsorbed water are 

gradually dehydrated from the HA surface with temperature (≤ 300˚C) until reaching the 

dehydroxylation process at the higher temperature (> 500˚C).
73

 At low temperature (≤  

200˚C), the adsorbed water facilitates the migration of protons (H
+
) through Grotthuss chain 

reaction in which protons (H
+
) conduct through one water molecule to the other on the HA 

surface.
70

 The amount of adsorbed water consequently depends on the surface area. It can, 

therefore, be suggested that the lower temperature conductivity in HA is due to the proton 

migration in surface bound water.
57,73

 The decrease in conductivity above 150˚C can be 

attributed to the removal of water of hydration. At higher temperature (> 400˚C), dispersion 

in both the curves is observed. Similar behaviour is observed in the dielectric (> 500˚C) and 

loss curve (> 400˚C) [Fig. 4.12(a)]. Fig. 4.12(c) represents the linear variation of conductivity 

with temperature and appears to follow the Arrehenius relationship [σ = σoexp(Ea/kT)], where 

the parameters, σo, Ea, and k is the pre-exponential factor, activation energy and Boltzmann 

constant, respectively. The activation energy values for the unpolarized and polarized HA are 

evaluated to be 0.71 eV and 0.65 eV, respectively. The polarization slightly reduced the 

activation energy values. However, both the values are associated with the proton (H
+
) 

conduction through columnar c-axis in both the samples.
47,74

 The dehydroxylation of HA 

lattice proceeds according to the following reaction, 

                            Ca10(PO4)6(OH)2 → Ca10(PO4)6(OH)2-2xOx(□)x + xH2O                        (4.15) 

Where, □ indicates vacancies at OH
-
 sites. The process of dehydroxylation induces hopping 

of protons (H
+
) via (PO4)

3-
 tetrahedra. This type of conduction is along columnar c-axis. In 

case of unpolarized HA, as temperature increases, hopping of protons increases via formation 

of OH
-
 defects which increases ac conductivity [Fig. 4.12(b)].

47,57,73,75
 It has also been 

suggested that the increased number of vacancies can significantly increase the conductivity 
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of HA.
23

 In case of polarized HA, the maxima above 500˚C corresponds to the relaxation of 

charges bounded by the thermal potential barrier, while the corresponding decline in the 

unpolarized counterpart might be associated with the hindrance of the proton (H
+
) hopping 

due to the creation of OH
-
 ions vacancies.  

4.6.4. Influence of polarization on the surface chemistry of HA 

Fig. 4.13 represents the X-ray photoelectron spectroscopy (XPS) analyses of unpolarized and 

polarized (90 kV/cm) HA. The spectra exhibit photoelectron peaks of calcium, oxygen, and 

phosphorus which are the essential elements, present in HA. The additional photoelectron 

peaks indicate the presence of adventitious carbon, carbonate and nitrogen on the surface of 

both, the unpolarized and polarized HA. The carbonate impurity in the XPS spectrum is due 

to the presence of CO2 in the air which generally gets absorbed in calcium phosphates in form 

of carbonate (O-C=O), during their synthesis. In XPS spectra, the binding energy peak, 

corresponding to carbonate carbon, appears at approximately 287 eV while that of C1s (C-C) 

is observed at approximately 284 eV for both, the unpolarized and polarized samples. The 

spectrum of oxygen O1s has been deconvoluted into two additional peaks, representing the 

contribution from O
2-

 (PO4
3-

) and OH
-
 ions, respectively. However, the peak associated with 

O1s in the form of O
2-

(~ 531.2 eV) and OH
-
 (~ 530.2 eV) ions for unpolarized HA is slightly 

different from O
2-

 (~ 530.2 eV) and OH
-
 (~ 531.3 eV) for the polarized counterpart. The 

atomic percent, evaluated from the peak areas, after smoothening of the plots, are represented 

in table 4.2. From the atomic percentage for each element present in HA, the Ca/P ratio for 

unpolarized HA is evaluated to be ~1.42 and that of polarized HA, it is ~1.47. This ratio 

indicates the presence of pure HA phase on the surface of both, polarized and unpolarized 

HA i.e., the surface chemistry of HA has not been altered with the exposure of such a high 

field (90 kV/cm). The atomic ratio of Ca/P, evaluated from the XPS spectra is, however, 

different from the Ca/P ratio in the pure HA phase (~1.65). This can be due to the presence of 
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carbonate impurity which readily substitutes the PO4
3-

 ion and consequently, affects the 

molar ratio of Ca/P.
76

  The Ca/P ratio for HA with carbonate impurity has been reported to be 

about 1.46.
76

 Therefore, the XPS spectra of polarized HA depicts no alteration in its surface 

chemistry. 

 

      

 



159 
 

    

   

    

Fig. 4.13:  X-ray photoelectron spectroscopy (XPS) spectra of polarized and unpolarized 

HA. (a)-(i) , (a)-(ii) Adventitious carbon (C-C) along with the presence of O-C=O group 

is depicted by binding energies of ~ 284  and ~ 287 eV. The presence of (b)-(i), (b)-(ii) 
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calcium 2p orbital state, (c)-(i),(c)-(ii) Oxygen 1s orbital state and (d)-(i),(d)-(ii) 

Phosphorus 2p orbital state is depicted in both, the polarized and unpolarized HA. 

Table 4.2: Binding energy values for the various elements, present in unpolarized and 

polarized HA along with their atomic percentage. 

 

Elements 

Unpolarized Polarized 

B.E. (eV) Atomic % B.E. (eV) Atomic % 

 

C1s 

C-C 284.06 25.07 284.1 26.20 

O-C=O 287.1 9.33 287 13.23 

 

Ca2p 

Ca2p3/2 346.3 12.00 346.5 9.65 

Ca2p1/2 349.9 10.80 350 10.67 

 

P2p 

P2p3/2 132.14 12.67 132.05 10.39 

P2p1/2 133.48 3.46 132.9 3.26 

 

O1s 

O
2-

 531.2  

26.69 

530.2  

26.60 
OH

-
 530.2 531.3 

 

4.6.5. TSDC, dielectric and ac conductivity behaviour of NKN 

Fig. 4.14 represents the TSDC spectra of polarized NKN. Fig. 4.14 (a) demonstrates the 

TSDC spectra for the samples, depolarized at a heating rate of 1˚C/min while polarized at 30, 

50 and 90 kV/cm, respectively. Fig. 4.14 (b) demonstrates TSDC spectra for the samples, 

depolarized at heating rates of 1, 5 and 10˚C/min, respectively, while polarized at 90 kV/cm. 

Both the spectra consist of two sharp peaks. The lower temperature peaks are observed to lie 

in the temperature range of 200˚C - 300˚C, while higher temperature peaks are observed 

between 400 - 450˚C [Figs. 4.14 (a) and (b)]. These peaks correspond to the phase transition 

in the crystal structure of NKN. The lower temperature peak is associated with orthorhombic 

to tetragonal (TO-T) and high temperature peak is related to tetragonal to cubic (TC, Curie 
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point) phase transitions.
77

 For NKN samples, polarized at 30 as well as 50 kV/cm and 

depolarized at a heating rate of 1˚C/min, the orthorhombic to tetragonal phase transition 

temperature (TO-T) is observed to be at approximately 224˚C [Fig. 4.14 (a)]. However, for the 

samples, polarized at 90 kV/cm and depolarized at a similar heating rate, TO-T appears to be 

shifted to almost 255˚C. In addition, Curie temperature (TC) for the samples, polarized at 30 

and 50 kV/cm is approximately 421˚C, which is lower than that for the samples, polarized at 

90 kV/cm (~ 441˚C) [Fig. 4.14 (a)]. However, the samples, polarized at 90 kV/cm and 

depolarized at the heating rate of 1˚C/min, lower phase transition (TO-T = 223˚C) and Curie 

(TC = 422˚C) temperatures are observed [Figs. 4.14 (b)].  

    

   

Fig. 4.14: TSDC spectra of Na0.5K0.5NbO3, (a) polarized at 30, 50 and 90 kV/cm, 

respectively and depolarized at a heating rate of 1˚C/min, (b) polarized at 90 kV/cm and 

depolarized at heating rates of 1, 5 and 10˚C/min, respectively, (c) variation of dielectric 
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constant (εr) and loss (D) as well as (d) ac conductivity response with temperature at 100 

kHz of frequency for unpolarized and polarized Na0.5K0.5NbO3 (90 kV/cm). 

The peak current densities (for both phase transition temperatures) for the samples, polarized 

at 90 kV/cm are much larger than the samples, polarized at 30 as well as 50 kV/cm [Figs. 

4.14 (a) and (b)]. Also, for similar TSDC parameters (Ep ≈ 90 kV/cm and β = 1˚C/min), the 

peak current densities (for both transition temperatures) in Fig. 4.14 (a) are significantly 

larger than those in Fig. 4.14 (b). It is also observed in Fig. 4.14 (b), that the peak current 

densities during depolarization at heating rates of 5 and 10˚C/min are significantly larger than 

the peak current densities observed at a heating rate of 1˚C/min. The TSDC spectra of NKN 

depict sharp current peaks at TO-T and TC which is indicative of the pyroelectric currents. 

Figs. 4.14 (a) and (b) suggest that the pyrocurrent depends on the heating rate (β) as well as 

the polarizing field (Ep). From the TSDC spectra, it can be concluded that as polarizing field 

(Ep) is increased from 30 kV/cm to 90 kV/cm, the phase transition temperatures (TO-T , TC)  

are shifted towards higher temperature at a similar heating rate (β) during depolarization [Fig. 

4.14(a)]. However, for a similar polarizing field, the phase transition temperatures are shifted 

towards higher temperature with increase in the depolarizing heating rate from 1 to 10˚C/min 

[Fig. 4.14(b)]. The sintering atmosphere of the NKN ceramics greatly influences their 

conductive behaviour. This is because alkali metals (Na, K) are highly volatile, and therefore, 

at elevated temperatures, alkali metal defects are created along with oxygen vacancies 

through the volatilization process as,
18

  

                                   
     

       (   )       
     

                                          (4.16)                           

Where, M and V denote alkali metal and vacancy, respectively. This alkali metal defects 

along with oxygen vacancy, weakly form defect dipoles (2VM
′
- VO

••
) in air fired NKN 
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ceramics.
77

 After cooling in air atmosphere i.e., superoxidation process, the oxygen vacancies 

are replaced as, 

                                           
     

   
 

 
  (   )      

                                   (4.17) 

Combining eq. (4.16) and (4.17), one can obtain, 

                                          
 

 
  (   )      (   )     

                               (4.18) 

This process of formation of alkali metal vacancies occurs under the sintering in ambient 

atmosphere, however, reduced atmosphere sintering i.e., sintering in low pO2 atmosphere 

inhibits the formation of alkali metal vacancies. In addition, oxygen vacancies are formed as, 

                                                        
 

   
(   )    

                                                (4.19)                                                                             

These oxygen vacancies participate in electronic and ionic conduction in the particular 

perovskite structure of NKN as oxygen ion has activation energy ranging from 0.5 - 2 eV as 

compared to A-site (4 eV) and B-site (12 eV) ions.
78

 Also, the adjacent oxygen ions in the 

typical perovskite structure are in close proximity (~ 2.8 Å) as compared with that of A-site 

(~ 4 Å) and B-site (~ 4 Å) ions, which further favours the conduction/migration of oxygen 

vacancies.
78

 Overall, in the typical perovskite structure of NKN, three types of defects can be 

determined through TSDC i.e., trap charges (xVM
′
 - Vo

••
), defect dipole (2VM

′
- VO

••
) and 

oxygen vacancies (VO
••
).

79
 Due to the spark plasma sintering route, the formation of alkali 

metal defects has been suppressed. However, the formation of oxygen vacancies is enhanced 

in the SPS route. It is also reported that as the partial pressure of oxygen is reduced, energy 

for the formation of oxygen vacancies is decreased and that of alkali metals is increased.
80,81 

Under these conditions, the conduction mechanism in NKN ceramics is of n-type.
18

 Also, the 

formation and migration of oxygen vacancies give rise to space charge conduction.
18

 It is 
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reported that the relaxation or the depolarization current due to space charge in the TSDC 

spectra can be evaluated from the total developed charge which is further given as,
82

  

                                                                
( 

 

  
)      (

    

    
)                             (4.20) 

        (         )  

Where, q is the ionic charge, N is the charge density, υ is the hopping/migration frequency, H 

is the potential barrier height, k is the Boltzmann constant, Tp is the polarization temperature 

and Ep is the polarization field. It is reported that the TSDC spectra of SrTiO3 crystals consist 

of three consecutive peaks.
83

 Each peak is correlated via polarizing temperature (Tp) and peak 

temperature (Tm). Therefore, in the TSDC spectra of SrTiO3 crystal, increase in Tp with the 

corresponding decrease in Tm can be suggested to be associated with the relaxation of trap 

charge. Secondly, an increase in Tp results in the rise of Tm which is correlated with 

relaxation/migration of oxygen vacancies. Thirdly, when there is no effect of increasing Tp on 

Tm, the relaxation phenomenon is suggested to be associated with the defect dipoles. In case 

of polycrystalline SrTiO3, relaxation due to migration oxygen vacancies across grain 

boundaries also contributes to the TSDC spectra along with the above-mentioned relaxation 

phenomenon.
82

 It is also reported that the NKN defect structures are closely related to SrTiO3 

samples.
78

 Further, it has been reported that the reduced atmosphere fired NKN with oxygen 

vacancies have degraded piezoelectricity as well as ferroelectricity because of the 

accumulation of oxygen vacancies in grain boundaries under the polarizing field.
79,82

 

However, in the SPSed sample, oxygen vacancies are closely related to the post-annealing 

temperature and time.
84

 

Fig. 4.14 (c) represents the temperature dependent dielectric behaviour of the unpolarized and 

polarized NKN ceramics at a frequency of 100 kHz. It can be observed that there are two 

anomalies in the dielectric behaviour of both the samples.
85,86

 The first anomaly is related to 
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the ferroelectric orthorhombic to ferroelectric tetragonal phase transition at the temperature of 

195˚C (TO-T) for the unpolarized NKN in contrast to the temperature of 171˚C for the 

polarized counterpart. The second anomaly is analogous to ferroelectric tetragonal to 

paraelectric cubic phase transition (TC) at a temperature of 393˚C for the unpolarized NKN in 

contrast to that of 338˚C for its polarized counterpart.
87

 Both, the transition temperatures 

shifted to lower temperature region for the polarized NKN as compared with that of the 

unpolarized NKN. However, the dielectric behaviour of both the samples is almost similar. 

This indicates that under such a high polarizing E-field (~ 90 kV/cm), the sample chemistry, 

as well as bulk properties of the NKN, have been preserved. The low values of the dielectric 

losses are associated with the reasonably good sintering and dense microstructure of the 

SPSed samples.
88

 

Fig. 4.14 (d) represents the temperature dependent ac conductivity behaviour of unpolarized 

and polarized NKN ceramics at a frequency of 100 kHz. The ac conductivity plot exhibits 

two anomalies (TO-T and TC) similar to the dielectric and TSDC characteristics. The first 

anomaly at ~ 233˚C for the unpolarized and at ~ 209˚C for the polarized NKN represents the 

ferroelectric orthorhombic to ferroelectric tetragonal phase transition (TO-T).
89

 The higher 

temperature anomaly at ~ 468˚C for the unpolarized and ~ 409˚C for the polarized NKN 

represents the ferroelectric tetragonal to paraelectric cubic phase transition (TC).
90

 It is 

observed that the conductivity of the polarized NKN is lower than the unpolarized 

counterpart (before TO-T). Thereafter, the conductivity of the unpolarized and polarized NKN 

sample shows similar behaviour before their respective TC values. SPSed samples possess 

dense microstructure as alkali metal defects have been suppressed. However, oxygen 

vacancies are formed which gives rise to n-type conduction in the samples.
18,77,89,90

 Also, 

above TC, a sudden rise in the conductivity curve for both, unpolarized and polarized NKN is 

observed. This is because of the enhanced conduction of mobile ions (oxygen vacancies and 
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n-type charge carriers) which have gained sufficient energy.
91

 This behaviour is suggestive of 

the negative temperature coefficient of resistance (NTCR) like that of semiconductors.
91

 In 

addition, it is observed that the TO-T and TC of the polarized NKN are shifted to lower 

temperature as compared to its unpolarized counterpart, as mentioned earlier.  

4.6.6. TSDC, dielectric and ac conductivity behaviour of HA-25 vol % NKN composite  

Fig. 4.15 (a) represents the TSDC spectra of polarized (90 kV/cm) HA-25 vol % NKN 

composite, depolarized at various heating rates of 1, 5 and 10 °C/min. In the TSDC spectra, 

multiple peaks can be observed for depolarization at heating rates of 1 and 10 °C/min. For 

depolarization at 5 °C/min, negative current density peak is observed at ~ 370 °C. In addition, 

the other relaxation peak is observed above 400 °C. The negative current density peak can be 

described from the context of simultaneous presence of hetero and homocharges in the TSDC 

experiment.
37

 Heterocharges are due to the internal polarization of the sample while 

homocharges are of extrinsic origin which occurs due to the excessive high polarization field 

(Ep).
37

 Generally, the relaxation of these charges occur simultaneously resulting in 

unidirectional flow of current, however, if the relaxation of these charges differ, current can 

flow in the opposite direction which can be observed in the TSDC spectra [Fig. 4.15(a)].
37

 As 

the amount of reinforcement phase i.e., NKN is comparatively low, therefore, the polarization 

of HA-25 NKN composite is dominantly due to HA phase. This is due to the broad curves in 

the TSDC spectra depicting a thermoelectret nature of the sample as compared with that of 

sharp peaks suggested being of ferroelectric material.
43,92,93,94,95

 Table 4.3, depicts the charge 

density stored in the HA-25 NKN which are significantly larger than the charge density of 

monolithic HA. For depolarization at 10 °C/min, peak at ~ 500°C is due to the heating of the 

sample while peak at ~ 416°C is appearing in the cooling phase. Therefore, table 4.3 depicts 

the total charge density during depolarization at 10° C/min. The presence of reinforcement 

phase in the matrix (HA) can be recognized in the TSDC spectra as relatively small peaks are 
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observed near the phase transition temperatures (TO-T, TC) of NKN. As mentioned above, due 

to the temperature limitation of the TSDC set up, there is an incomplete depolarization of 

HA-25 NKN composite. It is known that NKN exhibits spontaneous polarization due to its 

ferroelectric nature which imparts piezoelectric nature to the HA-25 NKN composite. In 

addition, HA is brittle in nature and its fracture toughness is comparatively low with that of a 

bone tissue. The addition of NKN as a piezoelectric secondary phase can significantly 

increase the fracture toughness of the composite.
96,97

 It has been reported that the HA along 

with the piezoelectric secondary phase possesses enhanced electromechanical 

characteristics.
22

        

 

   

Fig. 4.15: (a) TSDC spectra of HA-25 vol % NKN composite, polarized at 90 kV/cm, (b) 

dielectric constant (εr) and loss (D) as well as (c) ac conductivity behaviour with 
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temperature at 100 kHz of frequency for unpolarized and polarized HA-25 vol% NKN 

composite.  

Table 4.3: Depolarization response of HA-25 NKN composite as a function of heating 

rate. 

 

Polarizing 

E-field (Ep) 

(90 kV/cm) 

Charge Density 

(Qp) 

Peak 

Temperature 

(Tmax) 

Peak Current 

density 

(Jmax ) 

Heating Rate 

(β) 

6.4 μC/cm
2
 464.62 °C 61.5 nA/cm

2
 1 °C/min 

0.67 μC/cm
2
 443.6 °C 38.2 nA/cm

2
 5 °C/min 

1.6 μC/cm
2
 418.28 °C 71.9 nA/cm

2
 10 °C/min 

 

Fig. 4.15 (b) represents the dielectric and loss characteristics of unpolarized and polarized (90 

kV/cm) HA-25 vol % NKN composite with temperature at 100 kHz. The dielectric constant 

and loss behaviour is almost independent with temperature upto 300 °C. Thereafter, there is 

an increase in dielectric response for unpolarized as well as polarized (90 kV/cm) HA-25 vol 

% NKN composite. For both the samples, the characteristics are almost similar indicating that 

there is no alteration in the sample chemistry under such a high polarizing field (90 kV/cm). 

The room temperature dielectric constant values for unpolarized and polarized HA-25 NKN 

composites are ~ 60 and ~ 62 which are significantly higher as compared to the room 

temperature value of dielectric constant for the monolithic HA (~ 25). Therefore, the addition 

of NKN in the HA matrix has increased the polarizability of the composite. The room 

temperature loss values are quite low (~ 0.008) indicating that the NKN phase has been well 

processed with HA phase. In addition, after SPS, the density of the compacts was almost 

99%. The monotonous increase in the dielectric and loss characteristics of unpolarized 

sample depicts the reorientation of OH
-
 dipoles in the HA phase. It needs to be mentioned 

that although the polarizability has been increased with the addition of the piezoelectric phase 
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with the HA, but the excellent biocompatibility of HA with the bone tissue might be 

influenced.  

         

      

Fig. 4.16: Deconvoluted TSDC spectra of HA-25 vol % NKN composite, depolarized at 

the heating rate of 1°C/min. The respective Arrhenius plots (b) and (c) depicting 

activation energies of deconvoluted spectra. 

Fig. 4.15 (c) represents the ac conductivity behaviour of unpolarized and polarized (90 

kV/cm) HA-25 vol % NKN composite with temperature at 100 kHz of frequency. The ac 

conductivity behaviour for both the samples is almost similar above 250˚C. A slight 

difference in the ac conductivity behaviour is observed between both samples upto 250 °C.  It 

can be associated with the enhanced electroactive nature of polarized HA-25 NKN 

composite. The conductivity of the composite at room temperature is obtained to be about ~ 
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10
-7

 (ohm cm)
-1

 in contrast to that of ~ 10
-8

 (ohm cm)
-1

 for pure HA. This suggests that with 

the addition of NKN in HA, there is no significant rise in the conductivity of HA-25 NKN 

composite. 

It can be observed in Fig. 4.16 (a) that the TSDC spectra, for depolarization at 1°C/min, 

represent peaks depicting multiple relaxation mechanisms. Consequently, in Fig. 4.16(a), 

three deconvoluted peaks for depolarization at 1°C/min are observed. The associated 

activation energies for the first two peaks are 1.32 eV and 2.16 eV, respectively.  The 

activation energy associated with the third deconvoluted peak cannot be determined due to 

the incomplete depolarization.  

4.7. Summary 

High polarizing field (~ 90 kV/cm) have a vital impact over the electrical behaviour of SPSed 

HA and ferroelectric NKN. The TSDC results suggest that the amount of charge stored in HA 

increases with increase in polarizing field upto 90 kV/cm. The dielectric behaviour of HA, 

polarized at 90 kV/cm is almost similar to that of unpolarized counterpart, upto 500˚C. The 

activation energy values suggest that the proton conduction/migration in unpolarized as well 

as polarized HA is the primary reason for conduction. For ferroelectric NKN, high polarizing 

field (~ 90 kV/cm) have shifted their phase transition temperatures towards the higher 

temperature region. The prominent conduction in both, the unpolarized and polarized NKN is 

due to the migration of oxygen vacancies as well as n-type charge carriers. The surface 

characteristics, studied through XPS for unpolarized and polarized HA (~ 90 kV/cm), 

revealed no alteration in the surface chemistry after polarization treatment with such a high 

field intensity. 
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