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SYNOPSIS 

The technology at the driving seat of the 21st century is, of course, “the nanotechnology”, 

and the design of nanostructured materials with novel microstructural features for micro-

electro-mechanical systems (MEMS) and nano-electro-mechanical systems (NEMS) is going 

to play a decisive role in the progress of this century. Of the several materials used in MEMS 

and NEMS, piezoelectric materials are arguably gaining wide attention in applications such 

as actuators, sensors and energy harvesting due to their inherent polarization and electro-

mechanical coupling characteristics. The word “piezo” in Greek means “to press”, and 

“electric” has a Latin root “electrum” implies the flow of electrons. Therefore, piezoelectric 

materials are a class of materials that exhibit electricity upon external mechanical pressure (or 

vice versa), which further intermingles the electric and elastic fields. This piezoelectric 

behaviour is often seen in 20 non-centrosymmetric crystals (out of 32 crystal classes) whose 

centre of positive and negative charges are spaced apart, thereby creating a dipole effect to 

exhibit piezoelectricity. However, of the 20 piezoelectric crystals, 10 crystals show 

reorientation of dipoles upon an external electric field, known as “ferroelectric 

crystals/materials”, while the orientation of dipoles in the remaining 10 crystals can be 

changed upon an external thermal gradient, often known as “pyroelectric crystals/materials”. 

Therefore, essentially all the ferroelectric and pyroelectric crystals are piezoelectric. 

However, the converse is not true. 

The piezoelectric materials used in actuators mainly contain ceramics of various 

compounds and exhibit ABO3 type perovskite structure, with “A” atoms occupying the 

corners of the unit cell, “O” atoms at the centre of six faces and “B” atoms at the centre of 

the unit cell. These perovskites exhibit rhombohedral, monoclinic, and tetragonal crystal 

structure below the Curie temperature (Tc) based on their stoichiometric composition with 

respect to morphotropic phase boundary (MPB), thereby exhibiting the piezoelectric phase, 

while they possess a cubic symmetry above the Tc indicating the paraelectric behaviour of the 

material, shown in Fig.1. Conventional piezoceramics such as lead zirconate titanate (PZT) 

and barium titanate (BT) have a limited operating temperature range (i.e., 130 to 200 °C). 

Therefore, self-heating during service due to high frequency electrical and mechanical 

stresses may induce microstructural incompatibilities in the materials, which further 

deteriorates the electro-mechanical properties. However, the high-temperature applications of 

these piezoceramics in fuel injection systems, military impact fuzes, and structural health 

monitoring demand thermal and electro-mechanical stability. One way to mitigate this 



xv 
 

problem is to alter the intrinsic microstructural features that span across µm sized grains to 

nm sized ferroelectric domains, presented in Fig. 2. Further, the addition of aliovalent 

acceptor/donor cations are reported to enhance the thermal stability (i.e., increase in Tc) of 

Pb-based and Pb-free piezoceramics.   

Fig. 1 Schematic representation of ABO3 type perovskite unit cell of PZT piezoceramics. 

 

Fig. 2 Representation of microstructural length scales in piezoceramics.  

Keeping this in view, polycrystalline systems of (PbZr0.52Ti0.48O3) (PZT undoped), 

Pb0.98K0.02(Zr0.47Ti0.51Al0.02)O3 (hard-doped PZT, abbreviated as PZT-H) and 

Pb0.98La0.02(Zr0.47Ti0.51Nb0.02)O3 (soft-doped PZT, abbreviated as PZT-S), 

0.90(PbMg0.33Nb0.66O3) − 0.10(PbTiO3) (PMN-PT), and 0.94(NaK0.5Nb0.5O3) −

0.06(NaTaO3) (NKN-NT- Pb-free) have been systematically investigated to understand the 

role of intrinsic microstructural length scales on their mechanical and piezoelectric behaviour. 
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In piezoceramics, the region of directionally aligned dipoles along distinct polarization 

directions is known as “ferroelectric domains”. The previous and recent studies [Mehta and 

Virkar, 1990, Haertling, 1999 and Wang et al., 2021] have indicated that the ferroelastic 

effects such as the orientation of the ferroelectric domains and domain wall (DW) motion 

have a pronounced influence on the piezoelectric and mechanical response of the 

piezoceramics. 

 Domain engineering (DE) is a technique used to enhance the electro-mechanical 

properties of piezoceramics by altering the ferroelectric domain configuration i.e., size, 

orientation, and interdomain spacing. Several ways of implementing DE technique in 

piezoceramics are as follows; (i) modifying the crystal structure via aliovalent cation doping, 

(ii) controlling the grain size, (iii) growing the nano-patterns of semiconductor thin films, (iv) 

altering remnant polarization, (v) imposing mechanical stresses during poling and (vi) 

controlled thermal annealing. Of all these techniques obtaining the different ferroelectric 

domain configurations via thermal annealing is quite economical and less tedious. However, 

one of the downsides of thermal annealing is the temperature-induced depolarization in the 

material. Therefore its use as a DE is limited, despite the applications of piezoceramics at 

elevated temperatures. Several studies have been highlighted the importance of DE, 

particularly on single-crystal piezoceramics, as the use of single-crystals rule out the complex 

interaction between ferroelectric domains and grain boundaries. However, most of the 

practical applications of piezoelectric materials are based on ceramic polycrystals. Therefore, 

one of the objectives of the present thesis is to investigate the effects of below- and above-Tc 

thermal annealing on the ferroelectric domain configurations in polycrystalline 

piezoceramics. The piezoresponse force microscopy (PFM) is used to probe the differences in 

local ferroelectric domain configurations in PZT-H, PZT-S and PMN-PT, while piezoelectric 

charge coefficient, d33 studies are performed to probe the bulk response in other 

piezoceramics. The implementation of DE technique via selective annealing revealed the 

following observations; (i) distinct peak splitting is observed in X-ray diffraction (XRD) 

patterns of annealed samples, indicating the change in the ferroelectric domain structure (ii) 

annealed samples showed a transgranular cracking within the grains, (iii) degree of 

crystalline disorderness of ferroelectric domains increases with respect to annealing 

temperature and (iv) the d33, converse piezoelectric charge coefficient, 𝑑33
∗  and remanent 

strain, 𝜀𝑟 decreases with an increase in annealing temperature. 
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Though there have been several studies on understanding the role of domain 

configurations on electro-mechanical coupling characteristics, limited attention is given to 

investigate their influence on mechanical properties. During service, piezoceramics often 

experience variable mechanical loading conditions, particularly at high frequency, and it is 

important to understand the role of ferroelectric domain configurations on the mechanical 

behaviour of piezoceramics. Of the several mechanical properties, indentation hardness, H, a 

quick estimate of material’s resistance to the plastic deformation, is the widely preferred 

technique due to the following advantages; (i) it requires a small volume of the test specimen 

and (ii) it is non-destructive (at small indentation loads, as the indentation impressions are 

confined to the smaller areas). Recent developments in instrumented indentation techniques 

(IIT) such as nanoindentation allows to obtain indentation load, P vs. displacement, h data 

from which it is possible to determine H and elastic modulus, E. During nanoindentation, the 

fully plastic regime in the material can be achieved even at low P (from several µN to few 

mN). However, there is no comprehensive understanding of role of microstructural features 

on the H of piezoceramics despite the few studies which were focused towards understanding 

the fracture response (R-curve behaviour) [Mehta and Virkar, 1990 and Webber et al., 2009].  

The limited bulk indentation experiments (mostly with the spherical indenters on PZT 

and BT samples) and nanoindentation simulations have observed that indentation response in 

piezoceramics is dependent on nature of the material (i.e., poled vs. unpoled), and type of 

indenter (i.e., electrically conducting vs. insulating) [Ramamurty and co-workers, 1999, 2009 

and Cheng and Venkatesh, 2012]. However, these experiments are mostly used for validating 

the continuum level simulations and ignores the role of microstructural parameters (e.g., 

ferroelectric domain configurations and DW motion) on H. It is difficult to probe the 

mechanical properties with bulk indentation tests as the high indentation loads, often leads to 

cracking of materials. Therefore, it would be interesting to examine the effect of different 

ferroelectric domain configurations on H of the polycrystalline piezoceramics both at micro 

and nanoscale. The ferroelectric domain configurations are systematically varied by 

annealing the as poled (AP) piezoceramics at below and above the Tc, referred to as STD and 

ATD, respectively. The different ferroelectric domain configurations are characterized 

directly using piezoresponse force microscopy (PFM), which is also reflected in their 𝑑33
∗  

values. Following this, nano and micro indentation experiments are performed on AP, STD 

and ATD samples and the nanohardness is determined using Oliver and Pharr method while 

the microhardness is obtained from Meyer’s approach. In PZT (undoped), PZT-H, PZT-S, 

and NKN-NT samples, H follows the following trend, 𝐻𝐴𝑇𝐷 > 𝐻𝑆𝑇𝐷 > 𝐻𝐴𝑃, while in PMN-
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PT, it follows the trend as; 𝐻𝑆𝑇𝐷 > 𝐻𝐴𝑇𝐷 > 𝐻𝐴𝑃. In all the samples, the H decreases with 

increasing P, often known as indentation size effects (ISE). The underlying mechanisms 

responsible for the enhancement and anomalies in H and the occurrence of ISE are discussed 

in detail. 

ISE in crystalline materials is attributed to indenter geometry, presence of high plastic 

strain gradients, nucleation of discrete deformation bands underneath the indenter, the surface 

free energy of the material, and high dislocation nucleation stresses. However, limited 

nanoindentation experiments on piezoceramics [Gharbi et al., 2009] have indicated that the 

presence of ISE in contact stiffness is mainly due to the strain gradient polarization (i.e., 

flexoelectricity). The ISE is analyzed with the help of analytical, empirical or semi-empirical 

models which enables to determine the load (or size) dependent and independent H from the 

indentation data. The critical analysis of nanoindentation data using classical Meyer’s law, 

Hays-Kendall (H-K) approach, elastic recovery (ER) model, proportion specimen resistance 

(PSR) model, and modified PSR (MPSR) model lead to the following observations; (i) ISE in 

H of all the samples are sensitive to the differences in ferroelectric domain configurations, (ii) 

all the models show good agreement with the nanoindentation data, and (iii) true (or load 

independent) H values obtained from the ER, PSR and MPSR models are comparable to 

those obtained from nanoindentation experiments (i.e., machine H values). 

During indentation, the material in the vicinity of the impression undergoes a 

significant amount of deformation, which may alter the ferroelectric domain configurations 

[Schneider et al., 2005, Park et al., 2007 and Wang et al., 2021]. Further, beyond a critical 

load, indentation causes cracking at the imprint corners, altering the texture of ferroelectric 

domains and is expected to influence the crack growth characteristics. To date, there is no 

clear experimental evidence on the ferroelectric domain configurations in the vicinity of the 

indentation imprint and near the advancing crack. In the present thesis, ferroelectric domain 

orientation maps and butterfly curves (remnant strain, 𝜀𝑟 vs. electric field, E) (Fig. 3) are 

generated in the vicinity of the indentation zone and crack front leads to the following 

observations; (i) The ferroelectric domains change their texture in the vicinity of the 

indentation zone, thereby exhibiting indentation-induced domain switching (IIDS), (ii) The 

ferroelectric domains ahead of the crack tip undergo a considerable change in domain 

configurations and some of which, based on the location, re-orient back to the initial 

configurations while some remain inelastic, (iii) The indentation fracture toughness, 𝐾𝐼𝐶
𝑖  
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determined from the indentation imprints showed distinct dependence, albeit small, on the 

ferroelectric domain configurations.  

 

Fig. 3 The butterfly loops collected in the vicinity of the indentation zone and crack front. 

In summary, the present thesis essentially centered on two parts; (a) altering the 

intrinsic microstructural features (e.g., ferroelectric domain configurations) of piezoceramics 

via selective annealing and (b) investigating the role of ferroelectric domain configurations 

on the mechanical and piezoelectric properties at micro and nanoscale.  

The organization of the present thesis is as follows; 

Chapter 1  presents the introduction of piezoelectric materials, their crystal 

structure, and related fundamentals responsible for piezoelectric properties. Role of the 

complex interaction between the intrinsic microstructural features, particularly at lower 

length scales in the deformation behaviour of piezoelectric materials is difficult to understand 

and explained as the motivation for the present work. Keeping this in view, all the possible 

prior literature is presented with a focus on the theories that tailor the piezoelectric and 

dielectric properties in general and mechanical properties in particular, while specifically 

emphasizing the mechanical response of the piezoceramics under different structural states. 

Further, a brief overview of the nanoscale characterization techniques such as 

nanoindentation and PFM is presented. Finally, possible gaps in previous literature are 

identified to define the objectives for the present thesis. 
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Chapter 2  describes the effect of selective annealing (DE technique) on the 

mechanical properties of PMN-PT and NKN-NT piezoceramics with different ferroelectric 

domain configurations. The underlying mechanisms of enhancement in mechanical properties 

in light of crystal structure and ferroelectric behaviour are discussed in detail. 

Chapter 3 presents the important results regarding the role of different ferroelectric 

domain configurations and aliovalent dopants on the mechanical behaviour of PZT 

(undoped), PZT-H and PZT-S. The toughening mechanisms such as IIDS and domain 

rearrangement in the vicinity of the indentation site are explained with the help of 

ferroelectric domain orientation maps.  Butterfly curves (remnant strain, 𝜀𝑟 vs. electric field, 

E) are used to rationalize the results. 

 Chapter 4  deals with the description of observed ISE in nanoindentation H of 

PMN-PT, PZT-H and PZT-S using the mechanistic models. The outcomes of the mechanistic 

modelling and origins of ISE in H are further explained in light of the differences in 

ferroelectric domain configurations. 

Chapter 5  presents the conclusions from the present work. The last part of this 

chapter gives certain directions for the future work from the mechanisms proposed in this 

study.    
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CHAPTER 1 

INTRODUCTION 

Abstract: In this chapter, a brief overview of the theory of piezoelectricity, piezoelectric 

materials, and related fundamentals are presented with a focus on applications of 

piezoelectric materials in miniaturized devices. The microstructural length scales in 

piezoelectric materials are described. The prior literature on the mechanisms of enhancement 

in the electro-mechanical properties of various Pb and Pb-free piezoceramics is briefly 

discussed. Various small-scale characterization techniques used in this thesis are explained. 

The last part of the chapter presents the significant research gaps from the previous literature 

and states the scope of the present thesis. 

 

1.1. Piezoelectricity: Fundamentals, Applications and Advances 

Piezoelectricity was first discovered in the year 1880 by the French physicists Profs. Jacques 

Curie and Pierre Curie (Curie brothers) who found that certain class of crystals exhibit 

electricity upon external mechanical pressure [Curie and Curie, 1880]. The Greek route 

“piezo” means “to press”, and the Latin route “electrum” has the meaning “flow of 

electrons”. The Curie brothers thought that this rise of piezoelectricity would be a “direct 

effect” because of the electric potential generated due to a change in mechanical strain. In the 

following year, 1881, Gabriel Lippmann [Lippmann, 1881] made a twist in the piezoelectricity 

saga by stating that the same crystals can also exhibit mechanical strain in response to an 

applied external electric field, known as the “converse effect”, thereby confirming that 

piezoelectricity can indeed work in either direction. The direct and converse piezoelectric 

effects are schematically represented in Fig. 1.1. However, not necessarily that all the crystals 

exhibit piezoelectricity. Only those who have their centre of positive and negative charges/ions 

spaced apart (i.e., non-centrosymmetric) exhibit piezoelectric behaviour. There are 20 non-

centrosymmetric classes of natural crystals (For ex., quartz, tourmaline, and Rochelle salt) that 

possess piezoelectric properties [Neumann, 1885]. Soon after the initial discovery, the 

excitement about piezoelectricity has disappeared in the materials community for nearly the 

next 20 years due to the complexities associated with the mathematical formulation of 

piezoelectricity theory. In 1910, Voigt proposed the electro-mechanical coupling constitutive 

equations for direct and converse piezoelectric effect, presented in eq. 1 and 2, respectively 

with 18 macroscopic piezoelectric coefficients [Voigt, 1910]; 
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            𝑫𝒊 = 𝒅𝒊𝒋𝒌𝑻𝒋𝒌                    (1) 

            𝒔𝒊𝒋 = 𝒅𝒌𝒊𝒋𝑬𝒌                                 (2) 

where, 𝑫𝒊 and 𝒔𝒊𝒋 represent output electric displacement vector and mechanical strain, 

respectively, while 𝑻𝒋𝒌 and 𝑬𝒌 are externally applied mechanical stress and electric field, 

respectively. The terms 𝒅𝒊𝒋𝒌 and 𝒅𝒌𝒊𝒋 specifies the 3rd order direct and converse piezoelectric 

charge coefficient tensor, respectively. 

 

Fig. 1.1 Schematic representing piezoelectric effect (a) direct (sensor) effect and (b) converse 

(actuator) effect. 

 Of the 20 non-centrosymmetric piezoelectric crystals, 10 crystals possess a unique polar 

axis whose spontaneous polarization change with a temperature gradient, known as 

“pyroelectric crystals”. While spontaneous polarization of other 10 crystals can be 

changed/reoriented under the influence of an external electric field, known as “ferroelectric 

crystals”. Therefore, all the pyroelectric and ferroelectric crystals exhibit piezoelectricity, 

while the converse is not true. These piezoelectric crystals are thought to be used for 

commercial applications in the late 1910s, wherein Paul Langevin introduced thin quartz film 

in SONAR for submarine applications. Since then, there is a great deal of interest among the 

materials community to bring these piezo crystals in various industrial applications such as 

sensors, transducers, energy harvesting, electric controllers, thermostats, and the defence and 

security sectors. Over the last two decades, there is a significant increase in the usage of piezo 

crystals in micro-electro-mechanical systems (MEMS) and nano-electro-mechanical systems 
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(NEMS). These piezo-based MEMS and NEMS devices are extensively used in 

communication, underwater acoustics, naval hydrophones, and medical diagnosis devices. 

 Natural piezoelectric crystal such as quartz does not exhibit high piezoelectric properties, 

and hence the piezoelectric materials used in commercial applications are centred on using a 

ceramic compound that has ABO3 type perovskite crystal structure (as shown in Fig. 1.2). 

These piezoelectric ceramics (hereafter referred to as piezoceramics) are the ferroelectric 

materials in which the ferroelectric effect disappears (i.e., paraelectric state) above the Curie 

temperature, Tc. However, below the Tc, the transition from paraelectric to ferroelectric state 

occurs, thereby inducing a polar axis with spontaneous polarization. Barium titanate-BT 

(BaTiO3) is the first ferroelectric material used as piezoceramics which exhibit cubic crystal 

structure above Tc with Ba2+, and Ti4+ ions are in equilibrium with O2- ions (Fig. 1.2), while 

below Tc, Ba2+ and Ti4+ ions are displaced relative to O2- ions, thereby creating a dipole (i.e., 

elongated c-axis) as shown in Fig. 1.2. In the late 1950s, the discovery of lead zirconate titanate 

(PZT), a solid solution of PbZrO3-PbTiO3, bypassed the inherent disadvantages such as low Tc 

(~ 120 °C) associated with BT, thereby exhibiting superior and stable piezoelectric properties 

[Jaffe, 1971]. After 1960, significant efforts are directed to enhance the thermal stability of BT 

and PZT via compositional modifications, which also resulted in an improved piezoelectric 

response. This ultimately reflected in introducing new aliovalent cation (acceptor/donor) doped 

PZTs (i.e., hard-doped and soft-doped), particularly for the high-temperature applications in 

military impact fuzes and fuel injection systems. 

 Meanwhile, generous progress has been made to develop the other Pb-based relaxor 

ferroelectrics such as PbMgO3-PbTiO3 (PMN-PT), PZN-PT, BiScO3-PbTiO3 (PBST), and 

Pb(Yb-Nb)O3-PbTiO3 (PYB-PT) with enhanced piezoelectric and dielectric properties to suit 

them for automotive and aerospace sensors applications. Relaxor ferroelectric materials are a 

special class of ferroelectrics that possess high dielectric constant, 𝜀𝑑 and large electrostriction 

(the elastic deformation in dielectrics due to small displacement in ions under electric field) 

than normal ferroelectrics. Compared to normal ferroelectrics, relaxor ferroelectrics has the 

following distinct characteristics; (a) diffused phase transition and (b) frequency dispersion 

[Yang et al., 2003]. The former is an indication of gradual ferroelectric to paraelectric phase 

transformation (in normal ferroelectrics, this transformation is rapid/sharp), while the latter one 

represents the shift in dielectric peak at high temperature with the increase in frequency. Unlike 

normal ferroelectrics, a well-defined Tc does not exist in relaxor ferroelectrics. The experiments 

of Park and Shrout (1997) indicated that the ultra-high piezocharge coefficient, 𝑑33 (~ 2500 
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pC/N), electro-mechanical coupling coefficient, 𝑘33 (~ 90%), and large piezoelectric strain, 𝜀𝑝 

(~ 1.7%) with dielectric loss < 1% in (001) relaxor PZN-PT single-crystals. The 𝑑33 values of 

(001) crystallographically oriented PZN-PT were five times higher than the undoped/pristine 

PZT. The ferroelectric domain switching though 71° is expected in (001) rhombohedral PZN-

PT crystal at the higher coercive field, 𝐸𝑐 (> 30 kV/cm), which results in hysteresis free 

behaviour and consequently stable ferroelectric domain structure. Therefore, the superior 

piezoresponse of relaxor PZN-PT could be attributed to the ferroelectric domain stability along 

the (001) rhombohedral phase. However, one of the downsides of Pb-based piezoceramics is 

the involvement of toxic Pb, which is hazardous from an environmental standpoint and hence, 

the focus is in the discovery and development of Pb-free piezoceramics as an alternative.  

 

Fig. 1.2 Schematic representation of ABO3 type perovskite unit cell with illustration for BT 

piezoceramics (a) cubic perovskite (when T > Tc) and (b) tetragonal perovskite (T < Tc). 

1.1.1. Pb vs. Pb-free piezoceramics 

The development of Pb-free piezoceramics started in the late 1960s, just one decade after the 

invention of PZT. However, initially because of their poor piezoelectric properties, the focus 

of researchers never shifted from the contemporary PZT. After groundbreaking research at 

Toyota R&D Laboratories, Japan, Saito et al. (2004) showed that La, Ta, and Sb modified 

potassium-sodium-niobate (KNN), a Pb-free solid solution, exhibits electro-mechanical 

properties comparable to PZT. The Pb-free piezoceramics can be classified into three distinct 

categories: (i) perovskite BT, BiNaTiO3 (BNT), BiKTiO3 (BKT) and KNaNbO3 (KNN), (ii) 

non-perovskite Bi layered structured ferroelectric (BLSF) and (iii) non-perovskite tungsten 

(a) (b) 
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bronze type ferroelectrics. Thus far, several studies demonstrated the ability of KNN and BCT 

based Pb-free piezoceramics to replace PZT or other Pb-based piezoceramics in high-

temperature applications due to their high Tc (~ 400 to 460 °C) [Birol et al., 2006, Du et al., 

2006, Minhong et al., 2011, Yang et al., 2011, Tan et al., 2020, Redhu et al., 2021; among 

others]. The comparison of 𝑑33, crystal symmetry, and 𝑘33 values of typical Pb and Pb-free 

piezoceramics and relaxor ferroelectrics is shown in Table 1.1.   

 Pristine or undoped Pb-free piezoceramics do not exhibit piezoelectric properties 

comparable to PZT. Hence, chemical modifications and stoichiometric control are necessary 

to make them competitive to PZT or other Pb-based piezoceramics [Rödel et al., 2009 and 

Shibata et al., 2018]. For instance, comparatively lower density, ρ (~ 4.51 g/cm3, i.e., ~ 45% 

of PZT), moderate piezoelectric properties (mechanical quality factor, 𝑄𝑚 ~ 500 to 800, 𝑘33 ~ 

0.41-0.52 and 𝑑33 ~ 110-135 pC/N) and good temperature stability (Tc ~ 250 to 650 °C) make 

KNN based piezoceramics suitable for high-frequency imaging applications [Rödel et al., 2009 

and Levassort et al., 2011]. Further, NBT based/modified piezoceramics showed a giant 

piezoelectric strain 𝜀𝑝 upto ~ 0.45% (at 80 kV/cm) and potential candidates for actuator 

applications where the high electric field-induced giant strain is required [Jo et al., 2012, Liu 

and Tan, 2016]. Another Pb-free piezoceramic of particular interest in high-temperature 

applications is the multiferroic BiFeO3 in either bulk or thin-film form [Rojac et al., 2016 and 

Wang et al., 2018]. 

 However, the three decisive factors in the discovery and understanding of the 

piezoelectric effect in ceramics are (i) high dielectric constant, (ii) a ferroelectric effect, and 

(iii) poling process. During the poling process, dielectric materials show a linear polarization 

in response to an applied electric field, 𝐸𝑝. However, piezoelectric materials are the class of 

dielectrics that generate the spontaneous strain, 𝜀𝑠 in addition to the polarization by the 

application 𝐸𝑝. The generation of 𝜀𝑠 is mainly due to the relative displacement of cation and 

anion in ABO3 lattice, which further forms the dipoles in crystals, a ferroelectric effect (as 

explained earlier in Fig. 1.2). Therefore, it would be appropriate to state that the above three 

factors govern the electro-mechanical behaviour of piezoceramics at the macroscopic level. 

Besides this, several microstructural aspects, particularly at lower length scales, control the 

electro-mechanical response in piezoceramics and are explained in the below section. 
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Table 1.1 Summary of crystal symmetry, 𝑑33 and 𝑘33 values of various Pb and Pb-free 

piezoceramics and relaxor ferroelectrics 

Material Point group/ 

crystal 

symmetry 

𝒅𝟑𝟑 

(pC/N) 

𝒌𝟑𝟑 

(%) 

Reference 

α-Quartz crystal 32 2.31 10 Bechmann (1958) 

BT 6mm 191 50 Bechmann (1956) 

BT (hydrotherm. synth.) 6mm 460 42 Karaki et al. (2007) 

BT Single crystal 4mm 90 55 Zgonik et al. (1994) 

LN Single crystal 3m 6 17 Smith and Welsh (1971) 

LT Single crystal 3m 5.7 14 Smith and Welsh (1971) 

PZT 6mm 223 67 Jaffe (1971) 

(𝟎𝟎𝟏) poled PMN-PT 4mm 2820 94 Zhang et al. (2001) 

(𝟎𝟎𝟏) poled PZN-PT 4mm 2890 94 Zhang et al. (2002) 

KNN (pure) Amm2 279 46 Li et al. (2011) 

KNN (LT doped) Amm2 300-416 62 Gao et al. (2011) 

(Bi1/2Na1/2)TiO3 R3c 98 48 Nagata et al. (2004) 

(Na1-xKx)0.5Bi0.5TiO3 R3m 192 32 Zhang et al. (2008) 

BNT-BKT-BT P4mm 158 25 Hu et al. (2009) 

BZT-BCT P4mm 620 56 Liu and Ren (2009) 

 

1.2. Microstructural length scales in piezoelectric materials 

The structural and functional properties of engineering materials strongly depend on the 

intrinsic microstructure, which can be controlled either during the manufacturing or post-

fabrication treatment. The microstructure spans across several length scales, starting from 

individual atoms in the size of angstroms Å to few micron-sized grains. The mechanical 

properties (e.g., strength) of metals can be tailored by altering the microstructure through 

various strengthening mechanisms such as grain boundary strengthening, work hardening, 

precipitation, dispersion strengthening, etc. In piezoceramics, the characteristic length scales 

of the microstructure consist of grain size and morphology, ferroelectric domain orientation, 

domain width, and interdomain spacing, as shown in Fig. 1.3. Of all these, ferroelectric 

domains have a pronounced influence on the piezoelectric and mechanical response of 

piezoceramics. Under the application of electrical and/or mechanical loading, changes occur in 
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ferroelectric domain configurations leading to the alteration of their orientation and 

interdomain spacing, thereby causing significant hysteresis and nonlinearity in the electro-

mechanical properties. 

 

 

Fig. 1.3 Schematic representation of intrinsic microstructural length scales present in the 

piezoceramics.  

 Over the last three decades, a considerable number of efforts have been made to 

investigate the mechanical behaviour of single and polycrystalline piezoceramics using 

uniaxial compression, fracture, and fatigue experiments on bulk samples. Furthermore, there 

are focused studies to understand the effect of grain size and morphology on the electro-

mechanical response of piezoceramics (discussed in detail in section 1.4). However, there are 

limited studies in understanding the deformation behaviour of piezoceramics of small sample 

volumes primarily due to the lack of experimental facilities which can apply loads in the range 

of few nano-Newtons (nN) and measure displacements in the order of few nm to μm as well as 

provide comprehensive information about the deformation events (e.g., changes in ferroelectric 

domain configurations) taking place at μm or sub-μm length scales. The advent of experimental 

techniques like nanoindentation and micro-compression combined with the piezoresponse 

force microscope (PFM) will enable to characterize the role of ferroelectric domain 

configurations on the mechanical properties of piezoceramics at small length scales. So, this 
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work presents a comprehensive discussion on the role of intrinsic microstructural length scales, 

particularly ferroelectric domain configurations, on the mechanical behaviour of 

piezoceramics. 

1.2.1. Ferroelectric activities: Role of ferroelectric domains and domain 

walls 

The spontaneous polarization is usually not uniformly oriented in ferroelectric crystals. For 

example, the spontaneous polarization in BaTiO3 (Fig. 1.1) is oriented along the tetragonal c-

axis, and lattice distortion is generally described as a shift in O2- and Ti4+ ions with respect to 

Ba2+ ions. The lattice distortion in the ferroelectric phase induces spontaneous strain in the 

crystal [Damjanovic, 1998]. However, while cooling the cubic crystal through ferroelectric 

transition temperature, spontaneous polarization vector may orient along six possible directions 

(i.e., positive and negative orientations along three cubic axes) with equal probability. During 

this process, the electrical and mechanical boundary conditions imposed on the material are 

thought to control the pattern of spontaneous polarization vectors, while crystal symmetry 

regulates the polarization directions. The homogeneous region of crystal with the 

unidirectionally aligned spontaneous polarization vectors is known as ferroelectric domains in 

piezoceramics, shown in Fig. 1.4a. The complex interaction between the electric and 

mechanical fields at each grain tends to split the ferroelectric crystal into many ferroelectric 

domains. However, the process of switching and aligning the distinct polarization vectors in a 

particular direction (i.e., the direction of an applied electric field) upon an external applied 

electric field, 𝐸𝑝 is known as “poling”. Note that the 𝐸𝑝 required during poling must be higher 

than the coercive electric field, 𝐸𝑐 (generally 2 times the 𝐸𝑐in case of piezoceramics and 1.5 

times for relaxor ferroelectrics).  

 The ferroelectric domains can be classified into two types; (i) 180° domains and (ii) non-

180° domains. The former has the polarization vectors of adjacent domains antiparallel, while 

the latter has polarization vectors of adjacent domains oriented at an angle other than 180° 

(random orientation). Randomly distributed polarization vectors induce “zero” net polarization 

in the material. The boundary which separates the two adjacent ferroelectric domains is known 

as the ferroelectric domain wall (DW). The ferroelectric DW that separate two antiparallel 

polarization vectors are 180° DW (also known as “ferroelectric DW), and those which separate 

mutually perpendicular polarization are 90° DW (ferroelastic DW). The schematic 

representation of 180° DW and 90° DW is presented in Fig. 1.4b. In addition to the separation 
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in orientations of polarization vectors, the 90° DW also separates the strain tensor among two 

adjacent ferroelectric domains (hence they are ferroelastic), which is shown by the small 

deformation, δ in Fig. 1.4b.   

 

Fig. 1.4 (a) Schematic representing the ferroelectric domains in a ferroelectric crystal and (b) 

representation of 180° and 90° DW (the deformation due to formation of 90° DW is shown by 

δ). 

 Although piezoresponse force microscopy (PFM) and X-ray diffraction (XRD) tools are 

frequently used to characterize the nano-sized ferroelectric domain activities, other techniques 

such as transmission electron microscopy (TEM), scanning TEM (STEM) and photoemission 

electron microscopy (PEM) are also preferred in many instances. For instance, the TEM 

observations of Line and Glass (1979), Stemmer et al. (1995) and Chou et al. (2009) have 

shown that the DW size in the ferroelectric crystal may vary between 1-20 nm, as shown in 

Fig. 1.5a. The symmetry of the paraelectric and ferroelectric phases controls the formation of 

90° DW (~ 17 nm size) in ferroelectric crystals, which further controls the ferroelectric 

behaviour in BiFeO3-PbTiO3 thin films (Fig. 1.5b) [Freitas et al., 2014]. Furthermore, the fast 

formation of screening/surface charges and ferroelectric domain kinetics during local poling is 

demonstrated by Esfahani et al. (2017) in single-crystals LN via charge gradient microscopy 

(CGM). The two adjacent ferroelectric domains with opposite polarity can be seen in Fig. 1.5c 

(a) 

(b) 
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with a period of ~ 10 µm. In another study, Schaab et al. (2014) illustrated the formation of 90° 

and 180° DW in polycrystalline ErMnO3 ferroelectric system using X-ray photoemission 

electron microscopy (X-PEEM). The X-PEEM technique is found to be effective for probing 

the photo-induced charging effects and local variations in electronic conductance (Fig. 1.5d) 

which cannot be probed using PFM and XRD experiments. From the above observations, we 

note that the morphology and stability of ferroelectric domains and DW control the electro-

mechanical behaviour in piezoceramics, and in the below section, we shed light on these 

aspects. 

 

 

Fig. 1.5 (a) TEM micrograph of 𝑎 − 𝑎 ferroelectric domains with a period of 1 µm [Adopted 

from Chou et al. 2009], (b) high resolution TEM (HRTEM) image of ferroelectric domain 

patterns with a period of ~ 17 nm in 3% La doped BiFeO3-PbTiO3 thin film [Adopted from 

Freitas et al., 2014], (c) ferroelectric domain activities probed via CGM during local poling in 

single-crystals LN ( and  represents the downward and upward polarization, respectively) 

[Adopted from Esfahani et al. 2017] and (d) conductivity map showing interaction between 

different ferroelectric domains and DW obtained from X-PEEK in ErMnO3 [Adopted from 

Schaab et al. 2014]. 

   

(b) (a) 

(c) (d) 
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1.3. Domain engineering (DE) 

Ferroelectric domain engineering (DE) is a branch of technology directed to the creation of 

stable tailored ferroelectric domain structures with periodic and/or quasi-periodic arrangement 

to enhance the electro-mechanical performance of commercially available piezoceramics. The 

idea of DE was first proposed by Robert Newnham and co-workers [Newnham, 1975], where 

intricate micron-sized cross-hatched ferroelectric domain structures (~ 10 to 70 µm) were 

obtained in lead germanate (Pb5Ge3O11) by controlled application of external mechanical 

stresses and electric field, shown in Fig. 1.6a. Subsequently, Feng, Ming and co-workers (1982, 

(1988) have grown periodic patterns of ferroelectric domains with an interdomain spacing of 

~ 20-50 µm (Fig. 1.6b) on lithium niobate (LN) crystals via polarization rotation technique 

(PRT). The PRT can be achieved via slightly displacing and then rotating the rotational axis of 

the growing crystal from the axis of symmetry. This DE technique yields very good electro-

mechanical properties of LN and thus enabling them suitable for optoelectronic, 

photorefractive and piezoelectric applications. Yamada et al. (1993) and Byer (1997) reported 

the periodic wave-like ferroelectric domain structure with a period of ~ 2-3 µm obtained by 

photolithography followed by poling at the high 𝐸𝑝 (> 210 kV/cm). The DE in single domain 

LN crystal resulted in higher Tc (> ~ 1200 °C) and thus suit them for nonlinear second harmonic 

generation (SHG) applications such as laser printers, display and data storage devices.  

 

Fig. 1.6 (a) Cross-hatched ferroelectric domain structure in Pb5Ge3O11 produced by a copper 

mesh electrode (first attempt of DE) [Adopted from Newnham, 1975] and (b) Periodic 

ferroelectric domain structure in LN crystals with a period ~ 20 µm [Adopted from Ming et al., 

1982].   

 The addition of relaxor dopants such as MgO and ZnO also found to be an effective 

ferroelectric DE technique in LN and LT crystals. Gopalan et al. (1999) obtained spherical 

ferroelectric domain patterns in conventional and MgO doped LN crystals, which showed 

(b) (a) 
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merging of 180° DW with respect to poling time, indicating the DW motion and ferroelectric 

domain switching/reorientation depends on the time. The electric field during poling, 𝐸𝑝 

required for the reversal of ferroelectric domains in MgO doped LN crystals is ~ 1/5th of the 

conventional LN crystals highlighting the role of dopants on DE. In another study, Gopalan 

and Mitchell (1999) demonstrated that, in conventional lithium tantalate (LT) crystals, the 

nucleation and growth of ferroelectric domain structure occurs by pinning-depinning type of 

growth mechanism. The in-situ monitoring of the ferroelectric domains during poling (at 𝐸𝑝 as 

high as ~ 212 kV/cm) showed hexagonal growth of ferroelectric domain patterns with side-

ways wall growth velocity ~ 100 µm/s for a switch time ~ 1 s. Following this, Kitamura et al. 

(2001) obtained different ferroelectric domain patterns and compared 𝐸𝑝 values for undoped 

and MgO doped (> 0.78 % mol.) LN and LT crystals and observed that doping of MgO resulted 

in the respective decrease of 𝐸𝑝 by ~ 88% and ~ 90% in LN and LT crystals, which leads to ~ 

50% decrease in infrared absorption, a clear indication of DE via doping of relaxor dopants. 

 Shur [Shur, 2006 and Shur, 2006], proposed four important steps for implementing DE 

on LN crystals via bipolar electric field technique: First, the formation of ferroelectric domain 

structure takes place on the surface of the crystal by “nucleation of new domains” followed by 

“forward growth”. The former one is an outcome of activation electric field, 𝐸𝑎𝑐 , which 

depends on the intrinsic material properties and operating temperature, while the latter one 

represents the expansion of ferroelectric domains along the polar axis. The third stage of the 

formation of ferroelectric domain structure involves “side-ways growth” of domains, 

indicating the expansion of ferroelectric domains transverse to the polar axis. The last stage is 

“domain coalescence”, in which DW merge and leading to a complete switching process.  

 The implementation of DE technique in piezoceramics requires a comprehensive 

understanding of ferroelectric domain kinetics. Systematic investigations of Shur [Shur, 1996, 

Shur, 2006 and Shur, 2006] on ferroelectric domain kinetics using experimental and simulation 

approach revealed that the formation of ferroelectric domain patterns depend on variety of 

kinetics. For instance, the range of applied electrical field and ferroelectric domain switching 

rate may differ from one ferroelectric domain to another under different experimental 

conditions. The external and bulk screening of depolarization field, 𝐸𝑑  upon the redistribution 

of surface charges in the electrode also plays a vital role in stabilizing poled ferroelectric 

domain structure. The magnitude of 𝐸𝑑 can vary according to the size and shape of the 

ferroelectric domains. For ex., the magnitude of 𝐸𝑑 required to form a single narrow 
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ferroelectric domain with a needle-like shape is around 103-104 kV/cm, while the formation of 

triangular and spherical ferroelectric domains require 𝐸𝑑 around ~ 101-102 kV/cm [Shur, 2006].   

 The reversal ferroelectric domain patterning via electric field over poling (EFOP) and 

subsequent wet etching was effectively employed by Grilli et al. (2005) to obtain the 1 and 2-

D periodic spherical domain patterns down to ~ 200 nm with a period ranging from 0.5-2 µm 

in LN crystals, shown in Fig. 1.7a. The fabricated spherical ferroelectric domain patterns found 

effective for nonlinear optics and short wave-length conversion applications. Over the years, 

considerable efforts have been directed to enhance the piezoelectric performance of LN, LT 

and KTiOPO4 crystals due to their ease in implementation of the DE technique compared to 

other conventional piezoceramics (unfortunately, undoped/pristine PZT cannot be grown into 

a large single crystal, which prevents their enhanced structural and functional performance 

using DE technique). These studies adopted simple DE techniques such as stochiometric 

control, growing single crystal in a confined glass, and infrared femtosecond pulse method for 

obtaining stable and periodic domain patterns [Kao et al., 2004, Dogheche et al., 2005, Bo et 

al., 2012, Chen et al., 2015, Veenhuizen et al., 2019].  

 In the last two decades, DE has triggered the revolution in enhancing piezoelectric 

properties and electro-mechanical coupling factors in other Pb and Pb-free piezoceramics. This 

typically contains charged DW, co-existence of multiphase systems, and ferroelectric domain 

pattern symmetries [Sun and Cao, 2014]. For instance, Ranjan et al. (2004) have obtained [110] 

oriented strip patterns, and [100] oriented braided patterns in PZN-PT single crystals, shown 

in Fig. 1.7b and achieved extremely high electro-mechanical coupling coefficient (in 3-1 

mode), 𝑘31 and piezocharge coefficient in (in 3-1 mode) 𝑑31. The observed high 𝑘31 (~ 0.88) 

and  𝑑31 (~ -1850 pC/N) values are attributed to the electric field-induced polarization and 

phase change in the single crystal. Yao et al. (2011) obtained strip-like ferroelectric domain 

patterns in (211̅) single crystal PMN-PT with varying 𝐸𝑝 (from 0.5 kV/cm to 1 kV/cm). Direct 

observations through polarized light microscopy (PLM) and TEM revealed that the DW tend 

to retract (or merge) with an increase in 𝐸𝑝.  

 Several studies in the open literature also indicated that the macroscopic symmetry in the 

ferroelectric domain configurations is the key factor for implementing DE in various single 

crystals. In single-crystal rhombohedral PMN-PT and PZN-PT, poling along [001]𝑐 induces 

4mm symmetry in ferroelectric domains while poling along [111]𝑐 direction induces 3m 

symmetry, which is further expected to tailor stable ferroelectric domain patterns. In view of 
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this, the observations of Zhang and Li and co-workers (2002) (2011) revealed an extremely 

high piezocharge coefficient in shear mode, 𝑑15 around 3000 pC/N and 9200 pC/N for single 

crystals of PMN-PT (macroscopic symmetry 3m) and PZN-PT (with macroscopic symmetry 

4mm), respectively. In consensus to this, Wada et al. (2004) implemented the DE technique on 

single-crystal BT via controlling the crystal structure and observed the ~ 200% increase in 𝑑33 

values. 

 

Fig. 1.7 (a) Optical microscope image of spherical ferroelectric domain patterns with size down 

to ~ 200 nm with a period ranging from 0.5-2 µm in LN crystals [Adopted from Grilli et al., 

2005] and (b) Ferroelectric domain patterns on as polished (001) PZN-PT wafer showing 

[110] strip and [100] braided patterns [Adopted from Ranjan et al., 2004].   

 Besides the above studies, several reports have mentioned that DE could also be achieved 

via altering the grain size and morphology, the addition of aliovalent dopants (particularly in 

PZT), imposing the mechanical stresses during electric poling, nano metal (di)oxide patterning 

or grating on the electrode-fired surface of piezoceramics, and reduction in ferroelectric domain 

size via electric poling. Pramanick et al. (2011) have shown that polarization and 𝑑33 increases 

by 166% and 4 times, respectively with the decrease in grain size (~ 50 %) due to the addition 

of dopants in soft-doped PZT. The enhanced polarization and 𝑑33 values are attributed to the 

increased contributions of non-180° DW motions (at nanoscale) and lattice strain 

incompatibilities. The phase-field simulations of Wong et al. (2013) and experimental 

observations of Pramanik et al. (2019) also showed that the electro-mechanical response in 

PMN-PT and other polycrystalline piezoceramics could be enhanced by reducing the grain size 

(~ 55 %).  

 Njiwa et al. (2006) have shown that the mechanical stress-induced electrical poling 

increases the fracture response (R-curve behaviour) of PZT and found the net decrease in 𝐸𝑝. 

(a) (b) 
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The tailored ferroelectric domain patterns due to DE appears to be a primary reason for the 

enhanced R-curve response. Zhang et al. (2005) showed that the ferroelectric domain structure 

could be tailored in BSPT piezoceramics via the addition of Mn dopant, thus suiting them for 

high-temperature shear mode sensor applications (upto ~ 440 °C). The giant unipolar 𝜀𝑝 (upto 

~ 0.16%) and improved temperature stability upto ~ 175 °C was achieved via the addition of 2 

%wt. MnO2 in KNN based- CaZrO3 Pb-free piezoceramics [Wang et al., 2013]. Besides this, 

previous studies have also shown that doping of aliovalent cations (both acceptor and donor) 

improves electro-mechanical properties in several piezoceramics [Ding et al., 2013, Xu et al., 

2014, Zhou et al., 2014, Feng et al., 2015, Song et al., 2019; references therein]. 

 Several studies in the past have also indicated that altering the interdomain spacing, 

domain size, and crystallographic orientation elicits the piezoelectric performance of electro-

mechanical devices. For instance, the mathematical framework developed using the Ginzburg-

Landau model by Ahluwalia and co-workers (2001) (2004) demonstrated that the decrease in 

ferroelectric domain size from 22 µm to 6.5 µm enhanced the 𝑑33 values by a factor of 3. They 

used parameters related to BT to demonstrate the single and multiple ferroelectric domain 

behaviour.  

 

Fig. 1.8 A strip-like ferroelectric domain structures observed on the surface of [001]𝑐 PZN-

6%PT single crystal with a period of ~ 10 µm at four different poling conditions (a) T=160 °C, 

𝐸𝑝= 18 kV/cm, (b) T=170 °C, 𝐸𝑝= 9 kV/cm, (c) T=168 °C, 𝐸𝑝= 11 kV/cm and (d) T=166 °C, 

𝐸𝑝= 10 kV/cm [Adopted from Xiang et al., 2010].   
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 Furthermore, Xiang et al. (2010) demonstrated an enhancement in piezoelectric 

properties by controlling the strip-like ferroelectric domain structure in [001]𝑐 PZN-6%PT 

(Fig. 1.8) via electric poling at different temperatures and 𝐸𝑝. The decrease in ferroelectric 

domain size from 20 µm to 8 µm resulted in a ~ 58% increase in 𝑑33 values with a marginal 

increase in 𝑘33 values, a clear indication of regulating the piezoelectric properties by 

controlling the domain size (Fig. 1.9). Very recently, Chang and Luo and co-workers (2018) 

(2019) have shown the respective increase in 𝑑33 and 𝜀𝑑 by ~ 36% and ~ 38%, respectively 

with the help of micro or nanoelectrode patterning of some metal oxide films on the poled 

surface of single-crystal PMN-PT, shown in Fig. 1.10.  

 

Fig. 1.9 Variation in 𝑑33 and 𝑘33 values with respect to ferroelectric domain size [Adopted and 

reproduced from Xiang et al., 2010]. 

Fig. 1.10 (a) Patterned nanodomain structure [Adopted from Chang et al., 2018] and (b) 

microdomain structure [Adopted from Luo et al., 2020] obtained after grating nanoelectrodes 

of (Ti/Au-MnOx) on PMN-PT single crystals. 

(b) (a) 
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 In addition to the experiments, a good number of theoretical or modelling studies have 

been performed in understanding the influence of DE on the electro-mechanical response of 

piezoelectric materials. Sai et al. (2002) performed first-principles calculations using density 

perturbation functional theory (DPFT) on BT and PZT and demonstrated that compositionally 

broken inversion symmetry and structural phase transition due to electric and mechanical field 

leads to lattice distortion and influences 𝜀𝑑 values in piezoceramics. Bell and Li and co-workers 

(2001) (2004) implemented continuum Landau theory to investigate the effect of temperature 

and electric field directions on the electro-mechanical response of BT and relaxor PMN-PT 

and illustrated that DW density along the direction of applied electric field strongly influences 

the piezoelectric properties in the material. The origins of domain size dependence of 

piezoelectric properties can be systematically investigated using time-dependent Ginzburg 

Landau (TDGL) by Ahluwalia et al. (2004).  

 Of the several DE techniques mentioned thus far, controlling the ferroelectric domain 

orientations, interdomain spacing and domain size via thermal annealing is quite economical 

and efficient. Different ferroelectric domain configurations in as-poled (AP) piezoceramics 

(where ferroelectric domains are highly ordered) can be obtained by annealing them at selective 

temperatures below and above the Tc. The sub-Tc annealing is expected to cause partial 

perturbations in ferroelectric domain structures, while above-Tc annealing likely to induce 

complete disorderness in ferroelectric domains. However, one of the downsides of thermal 

annealing as a DE is the temperature-induced depolarization due to the reorientation of 

ferroelectric domains. Therefore, its use is limited despite the application of piezoceramics at 

high-temperature1.    

 In summary, the ferroelectric domain structure can be tailored by using an appropriate 

DE technique, thereby enhancing the electro-mechanical response of piezoceramics. Most of 

the studies focus on investigating the effect of DE on the electrical, dielectric, and piezoelectric 

properties of piezoceramics, particularly at ambient/room temperature, while little attention has 

been given to understand the role of ferroelectric domain structure on the mechanical properties 

of piezoceramics. During service, electro-mechanical devices are often experience variable 

high frequency electrical, mechanical, and thermal environments, and the stresses arising from 

these loading conditions may induce significant nonlinearity and deterioration in mechanical 

 
1 Note that, unlike other metals and alloys, the term high temperature in case of piezoceramics is limited to their 
applications upto Curie temperature, Tc which may vary from material to material.  
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properties and thus affecting the reliability of these devices. The reorientation of ferroelectric 

domains appears to be a primary reason for such nonlinear behaviour. Further, most of the 

above studies highlight the importance of DE, particularly on single-crystal piezoceramics, as 

the use of single crystals eliminates the possibility of a complex interaction between 

ferroelectric domains, DW with the grain boundaries. However, several practical applications 

of piezoceramics are centred on using the polycrystals of various oxides. Therefore, it would 

be interesting to examine how the local changes in ferroelectric domain configurations (i.e., 

highly aligned, partially disturbed and fully disturbed) affects the mechanical behaviour in 

polycrystalline Pb and Pb-free piezoceramics. 

1.4. Mechanisms of enhanced electro-mechanical response in piezoceramics 

The enhanced electro-mechanical response of piezoceramics is observed for the compositions 

close to the morphotropic phase boundary (MPB). The previous studies have reported that 

MPB is a compositional line in the phase diagram of piezoceramics which separates two 

different structural phases, while recent studies have indicated that MPB should be a region 

according to varying contents of dopants/constituents. The most commonly investigated 

material so far is PZT, where rhombohedral (Zr rich) and tetragonal (Ti rich) phase co-exists 

at MPB, shown in Fig. 1.11 [Jaffe, 1971, Noheda et al., 2000, Mishra et al., 2001, Schmitt et 

al., 2007, Schönau et al., 2007, 2009, Singh et al., 2008, Theissmann et al., 2009, Schierholz et 

al., 2012, Liu et al., 2018, Gao et al., 2020; references therein].  

Fig. 1.11 Typical phase diagram for PZT clearly showing the MPB (subscript C, R, M, and T 

represents the cubic, rhombohedral, monoclinic and tetragonal phase of PZT, respectively) 

[Adopted from Noheda et al., 2000]. 
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 In the tetragonal phase, the spontaneous polarization is orientated along six possible 

[001] directions (along 3 negatives and 3 positive directions), while the rhombohedral phase 

has spontaneous polarization oriented along the eight [111] directions (along 4 negatives and 

4 positive directions). Therefore, the compositions close to MPB are relatively less stable due 

to the fourteen energetic orientation of spontaneous polarization (coexistence of two phases 

due to slight local compositional fluctuations) and exhibits a larger response to applied stimuli 

under electric, thermal, and mechanical environment. Consequently, higher 𝑑33, 𝜀𝑑 and 

coercive stress, 𝜎𝑐 values can be observed. Few studies showed a relatively high piezoelectric 

response and 𝑘33 values in PZT (PbZrxTi(1−x)O3)  near MPB at composition 𝑥 ≈ 0.48 [Jaffe, 

1971 and Sun and Cao, 2014]. The ab initio calculations performed by Bellaiche et al. (2001) 

on PZT (PbZrxTi(1−x)O3)  have shown maximum 𝑑33 values for the composition close to 

MPB, which are directly related to the polarization rotation phenomenon. Kuwata et al. (1981) 

observed extremely high 𝑑33 (upto ~ 1500 pC/N) and saturation polarization, Ps (~ 0.45 C/m2) 

values for relaxor PZN-PT 𝑥(PbZrxNb(1−x)O3) − (1 − 𝑥)PbTiO3 with 𝑥 ≈ 0.09 composition 

at MPB. Similarly, enhancement in piezoelectric and dielectric properties in other ferroelectric 

relaxors such as PMN-PT with composition 𝑥 ≈ 0.33 to 𝑥 ≈ 0.38 is also reported by Chao et 

al. (1989) and Noheda et al. (2002). 

 Fan and co-workers (2007) reported a 55% increase in 𝑑33 values in case of KNN based 

BNT-BKT Pb-free piezoceramics at composition (𝑥 ≈ 0.20) close to MPB on ternary phase 

diagram (Fig. 1.12) with a marginal increase in 𝑘33.  

Fig. 1.12 MPB phase diagram of KNN based BNT-BKT ternary system [Adopted from Fan et 

al., 2007]. 
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 A notable review by Wang and Li (2012) addressed the enhancement in temperature 

stability, particularly in KNN based Pb-free piezoceramics via controlling the composition 

close to MPB in the range of 𝑥 ≈ 0.20 − 0.22. Few more recent studies, Yuan et al. (2017) 

and Habib et al. (2019) demonstrated enhanced piezoelectric performance of some Pb-free 

piezoceramics at 𝑥 ≈ 0.20, a composition close to MPB of Pb-free piezoceramics. Table 1.2 

below summarizes the MPB compositions and respective 𝑑33 and Tc values for various Pb and 

Pb-free piezoceramics. 

Table 1.2 Summary of compositions at MPB, 𝑑33 and Tc values of various Pb and Pb-free 

piezoceramics 

Material 𝒙 content 𝒅𝟑𝟑 (pC/N) Tc (°C) Reference 

PZT ~ 0.48 223 ~ 360 Jaffe (1971) 

PMN-PT ~ 0.33 2000-2500 ~ 150 Noheda et al. (2002) 

PZN-PT ~ 0.09 2500-3000 ~ 180 Kuwata et al. (1981) 

PNN-PT ~ 0.40 ~ 600 ~ 170 Banno et al. (1975) 

92KNN-6BZ-2BNT ~ 0.06 348 ~ 243 Wang et al. (2015) 

KNN-BZ-BNZ ~ 0.04 345 ~ 260 Tang et al. (2016) 

KNN-BLT-BNKLZ ~ 0.06 310 ~ 338 Cheng et al. (2014) 

 

 The giant piezoelectric response of Pb and Pb-free piezoceramics at a composition close 

to MPB can also be attributed to the external electric field-induced polarization rotation (FIPR) 

mechanism. In fact, the phase transformation taking place across MPB is also an outcome of 

FIPR. Further, the Ti and Zr atoms influence the polarization differently. The polarizations 

associated with Zr atoms rotate more quickly and grow in magnitude, while polarizations 

associated with Ti atoms lag significantly, and their magnitude also decreases. Therefore, this 

may be the acceptable mechanism for the enhanced piezoelectric response close to MPB. A 

similar effect was also observed by García and Vanderbilt (1998) in BT, wherein FIPR along 

certain paths creates the polarization-strain coupling. Further, the giant 𝜀𝑝 values (upto ~ 0.3 

to 1.5%) are also observed in some relaxor ferroelectrics due to rhombohedral to tetragonal 

phase transformation, which is an outcome of FIPR [Liu et al., 1999 and Paik et al., 1999]. 

 Another acceptable mechanism responsible for the enhanced electro-mechanical 

response of piezoceramics at MPB is the “Adaptive phase theory (APT)”, which is indicative 

of the influence of ferroelectric domain structure (particularly of nanometric size) on the crystal 
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symmetry [Jin et al., 2003 and Wang, 2006, 2007]. The morphology of nanoassembled 

ferroelectric domains changes markedly even with the small changes in composition, 

temperature, 𝐸𝑝 and 𝜎𝑐 values resulting in a change in lattice parameter, spontaneous strain, 𝜀𝑠 

and polarization [Jin et al., 2003]. The nanoassembled ferroelectric domains are expected to 

exhibit a more piezoelectric effect than micron-sized ferroelectric domains due to the high 

density of DW. Therefore, the strain component arising from DW motions in nanoassembeld 

ferroelectric domains contributes to the higher macroscopic strain, resulting in enhanced 

piezoelectric response at MPB. 

 Bouzid et al. (2005) tried to construct the phase diagram for PZT by measuring elastic, 

E and shear, G moduli. The phase transitions are identified from the changes in E and G, which 

was validated concomitantly by XRD analysis, revealed the following; (i) Curie transition 

causes a change in crystal symmetry from cubic to tetragonal and (ii) rhombohedral to 

tetragonal transformation occurs at MPB. Recently, Ramajo et al. (2017), in the case of 

(K0.44Na0.52Li0.04)[(Nb0.86Ta0.1Sb0.04) − xZr5x/4]O3 Pb-free piezoceramics demonstrated an 

increase in H (by ~ 50%), E (by ~ 27%), and indentation fracture toughness, 𝐾𝐼𝐶
𝑖  (by ~ 55%) at 

composition close to MPB (𝑥 ≈ 0.05) as compared to the faraway compositions to MPB (𝑥 ≈

0.00, 0.005, 0.01 and 0.03). Doping of Zr4+ ions stabilize the microstructure with uniform sub-

μm grain size appears to be an important reason for enhancing mechanical properties. However,  

the role of composition close to MPB and ferroelectric domain configurations on the 

mechanical response of piezoceramics needs to be investigated in detail. In order to probe the 

local mechanical behaviour, small scale characterization techniques such as nano- and 

microindentation and PFM are employed, which are explained in detail in the below section.  

1.5.  Small-scale characterization Techniques  

Conventional mechanical testing experiments fails to probe the local deformation 

characteristics and hence provide limited information about the mechanisms prevalent at sub-

μm length scales. In crystalline materials, it has been observed that miniature samples exhibit 

higher strength as compared to bulk samples giving a belief to the saying “smaller the 

stronger”. It is possible to measure the mechanical response of an individual or few 

ferroelectric domains using in-situ or ex-situ nanoindentation, which will help in designing the 

piezoceramics with a good combination of piezoelectric and mechanical properties. In the 

present work, we explore the local mechanical and piezoelectric response of Pb and Pb free 
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piezoceramics with the help of micro and nanoindentation along with (PFM) and details about 

these techniques with some studies in piezoceramics are given in the below section. 

1.5.1. Indentation studies on piezoceramics 

Indentation hardness, H, a quick estimate of material’s resistance to the plastic deformation, is 

one of the most convenient and commonly used experimental techniques to probe the plastic 

deformation in materials due to the following advantages; (i) It requires a small volume of the 

test specimen, and (ii) it is non-destructive (particularly at small indentation loads, as the 

indentation impressions are confined to the smaller areas) (iii) The specimen preparation is 

quite simple and test is easy to perform. The electro-mechanical devices made of piezoceramics 

often experience variable contact loading conditions in high frequency electrical and 

mechanical environments. Therefore, they must exhibit resistance against the indentation or 

wear so that their electro-mechanical properties are less affected. Conventional macro-

indentation experiments (because of the high loads) often lead to cracking of these materials 

and hence may not be the right choice to obtain hardness and study the influence of ferroelectric 

domains on the mechanical properties. For instance, Ramamurty and co-workers (1999) (1999) 

(2009) performed macro indentation experiments (with spherical indenter) on conventional 

PZT and BT piezoceramics and observed that the indentation response of piezoceramics is 

mainly dependent on the electro-mechanical boundary conditions (i.e., electrically conducting 

vs. insulating indenter and poled vs. unpoled material and their combinations). The fracture in 

PZT also changes from Hertzian cracking in case of unpoled PZT to subsurface damage in 

poled PZT though no direct correlation with microstructural aspects (i.e., concomitant changes 

in ferroelectric domain structure in subsurface deformation zone) was proposed.   

 Previous nanoindentation experiments performed mostly on single-crystal BT and PZT 

indicated rearrangement of ferroelectric domains and domain switching underneath the 

indenter (Fig. 1.13) [Schneider et al., 2005, Park et al., 2007, Wong and Zheng, 2008, 2010], 

the occurrence of distinct pop-in events in the loading curves [Macias et al., 2008], dislocation 

mediated slip [Scholz et al., 2007 and Mathews et al., 2020], and the existence of flexoelectric 

effect [Gharbi et al., 2009] as the important features of deformation. Furthermore, the 

nanoindentation simulations performed by Cheng and Venkatesh (2012) (2013) (2014) and Liu 

and Yang (2012) on PZT, PMN-PT, and LN single-crystals showed that the deformation 

behaviour of these piezoceramics is influenced by the geometry of the indenter (spherical vs. 

conical vs. flat), electro-mechanical boundary conditions, and poling directions. In fact, the P 
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vs. h curves obtained from nanoindentation can be helpful in identifying the poling directions 

in piezoceramics [Cheng and Venkatesh, 2013].  

 There have been few Vickers indentation experiments in understanding the hardness and 

indentation fracture toughness, 𝐾𝐼𝐶
𝑖 , in single crystal PZT and some Pb-free piezoceramics. The 

crack growth characteristics may influence the ferroelectric domain configurations ahead of 

the crack tip, thereby effecting the 𝐾𝐼𝐶
𝑖  [Mehta and Virkar, 1990, Sun and Park, 2000, Fu and 

Zhang, 2000, Wang et al., 2021; references therein]. Despite these studies, there is no clear 

visualization of how the ferroelectric domains effects the crack growth characteristics and 

toughening mechanisms. 

Fig. 1.13 Direct observations of ferroelectric domains beneath the indentation zone (a) 

topographic image with contour plots, (b) ferroelectric "𝑎" domains in x-direction and (c) 

ferroelectric "𝑎" domains in y-direction in the indentation zone [Adopted from Schneider et al. 

2005]. 

 All the above indentation studies are performed on poled piezoceramics where the 

ferroelectric domains are highly ordered and the variation of H and E with on partially poled 

(i.e., intermediately ordered ferroelectric domain configurations is largely unexplored. 

Therefore, it would be interesting to examine the mechanical response of polycrystalline 

piezoceramics having different ferroelectric domain configurations. In view of the above, the 

present work attempts to ascertain the indentation behaviour of ferroelectric domain 

configurations and toughening behaviour of polycrystalline piezoceramics. The ferroelectric 

domain configuration before and after the indentation is analyzed using PFM. 

1.5.2. Nanoindentation  

Recent developments in instrumented indentation techniques (IIT) such as micro and 

nanoindentation offer in-situ characterization of mechanical properties of materials at small 

(b) (a) (c) 
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length scales. These IIT were first invented in Russia during late 1970s and recognized as a 

load (vis-à-vis depth) sensing indentation instruments [Bulychev et al., 1975 and Ramamurty 

and Jang, 2014]. In 1980s, the IIT made it possible to estimate the elastic properties (elastic 

modulus, E) of materials in addition to indentation H [Ramamurty and Jang, 2014]. Further 

advent in IIT led the discovery of the indentation technique which can probe the response of 

individual micron or sub-micron sized grains and capable of measuring the P vs. h response 

with high precision, popularly known as “nanoindentation technique”. In last two decades, 

nanoindentation has gained tremendous attention of materials community who are interested 

not only in probing the nanomechanical properties (with high precision) of crystalline and 

amorphous materials but also correlating the measured properties with underlying 

microstructural aspects, particularly at lower length scales.   

 The nanoindentation technique can generate P-h curves with high load (upto few nN) and 

displacement (~ 5 nm) resolutions. The fully plastic regime in an elastic-plastic material can 

be achieved even at small indentation loads (~ nN) due to the usage of three-sided pyramidal 

Berkovich indenter having much sharper tip than the Vickers indenter. A schematic of 

Berkovich indenter is presented in Fig. 1.14a.  

Fig. 1.14 Schematic representing the geometry and shape of the (a) Berkovich [Adpoted from 

Bharat Bhushan, 2017], (b) conical [Adpoted from Wang, 2016] and (c) cube-corner indenter 

[Adpoted from Wang, 2016]. 

(c) 

(a) (b) 
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 Another unique advantage of nanoindentation, in contrast to the conventional indentation 

technique, is its ability to obtain both H and E without directly measuring the indentation 

impression of the material. Though Berkovich indenter (tip radius ranging from ~ 50 to 200 

nm) is the most commonly used, experiments are also performed using conical and cube-corner 

indenters as shown in Fig. 1.14b and c, respectively [Wang, 2016]. The main difference 

between Berkovich, conical and cube-corner indenters reflect in geometry and shape of the 

indenter. The centreline-to-face angle for Berkovich indenter is typically ~ 65.3°, while it is ~ 

90° for cube-corner indenters, as shown in Fig. 1.14. It is also worth to mention that the 

nanoindentation response of the material is different with all the three geometries. For instance, 

Jang and Pharr (2008) systematically investigated the nanoindentation response of single-

crystal (001) Si and (001) Ge with pyramidal and cub-corner indenters with a centreline-to-

face angle (in the range 35° to 85°) and demonstrated that crack propagation during indentation 

is greatly influenced by indenter angle. On the other hand, indent size and hardness remain 

independent of indenter geometry. For the small volume of materials (e.g., thin films, coatings 

and small crystals of few µm size), nanoindentation technique has been beneficial for probing 

the nanomechanical properties. The sample preparation techniques, surface conditions 

(allowable roughness) and standard methods for conducting the nanoindentation tests on 

different materials are very well documented in International Standards Organization (ISO- 

14577 part 1-4) and American Society of Testing of Materials (ASTM E2540). 

 The detailed procedure for the analysis of nanoindentation data is proposed by Oliver 

and Pharr (1992) (2004), known as Oliver-Pharr (O-P) method. The O-P method estimates the 

H and E of the materials during one complete loading and unloading cycle, schematically 

shown in Fig. 1.15a. The analysis of nanoindentation data (i.e., P-h curves) begins with the 

fitting of unloading curve according to power law (eq. 3) proposed by Oliver and Pharr (1992);  

           𝑷 = 𝜼(𝒉 − 𝒉𝒇)
𝒎

                 (3) 

Here, P represents the indentation load, while h and ℎ𝑓 specifies the instantaneous and final 

penetration depth (Fig. 1.15a). The power law coefficient, η and power index, m can be 

obtained by fitting the eq. 3 according to power law. The typical m values for various materials 

reported in the literature are; (i) 𝑚 = 1 for flat punch/indenter and (ii) 𝑚 ~ 1.20 − 2 for 

Berkovich indenter [Oliver and Pharr, 1992]. The P-h curves represents three important 

quantities; (i) maximum indentation load, 𝑃𝑚𝑎𝑥, (ii) maximum displacement, ℎ𝑚𝑎𝑥 and (iii) 
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unloading stiffness, S (𝑑𝑃
𝑑ℎ⁄ ), slope of the initial part (elastic) of unloading curve required 

to estimate the H and reduced or effective elastic modulus, 𝐸𝑟 values according to following 

equations 4 and 5 given below and details of which are mentioned in Oliver and Pharr (1992) 

(2004);  

      Hardness,   𝑯 =
𝑷𝒎𝒂𝒙

𝟐𝟒.𝟓𝒉𝒄
𝟐      (4) 

             Effective Elastic modulus, 𝑬𝒓 =
𝟏

𝜷

√𝝅

𝟐

𝑺

√𝑨𝒄
                                                        (5) 

where, 𝐴𝑐 represents the projected contact area. Most of the strain-hardened and strain-softened 

materials exhibit pile-up and sink-in effects, respectively during nanoindentation.  

Fig. 1.15 (a) Graphical representation of the quantities used in the nanoindentation data 

analysis on P vs. h curve and (b) Schematic representation of the section of indentation surface 

profile [Adopted and Redrawn from Oliver and Pharr (1992)]. 

(a) 

(b) 
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 The O-P method does not correct the pile-up effects (this is one of the limitations), while 

contact depth, ℎ𝑐 shown in Fig. 1.15b can be estimated after eliminating the sink-in effect 

according to eq. 6 proposed by Oliver and Pharr (1992); 

      𝒉𝒄 = 𝒉𝒎𝒂𝒙 − 𝜷
𝑷𝒎𝒂𝒙

𝑺
                  (6) 

Here, β is the constant that depends on indenter geometry. The typical value of β for conical 

indenter is 0.72, 0.75 for rounded tip and Berkovich indenter and 1 for flat punch/indenter. The 

elastic modulus of specimen, 𝐸𝑠 that has been subjected to nanoindentation can be given 

according to following eq. 7 [Oliver and Pharr, 1992]; 

      
𝟏

𝑬𝒓
=

(𝟏−𝝑𝒔
𝟐)

𝑬𝒔
+

(𝟏−𝝑𝒊
𝟐)

𝑬𝒊
                  (7) 

where, 𝜗 represents the Poisson’s ratio and subscripts i and s specifies the indenter and 

specimen, respectively. The values of E and 𝜗 for diamond indenter are ~ 1170 GPa and ~ 0.07, 

respectively [Simmons and Wang, 1971]. 

 Unlike other conventional indentation techniques, the fracture during the 

nanoindentation (i.e., during both loading and unloading) and pressure-induced phase 

transformation in the material can be identified from the displacement bursts (i.e., pop-in 

during loading and pop-out during unloading) on P-h curves, as shown in Fig. 1.16a. This 

alleviates the tedious indentation impression imaging process, as the indentation impressions 

sometimes are confined to very small area (around sub-micron zone) and difficult to locate. 

The occurrence of first pop-in indicates the elastic to plastic transition of the materials, while 

afterwards the occurrence of distinct pop-in events suggests the fracture (or cracking), 

particularly in brittle materials around and beneath the indentation. On the other hand, the pop-

out event during the relaxation of indentation stresses (i.e., unloading) occurs mostly due to the 

sudden change in the volume of the material being indented and indicates the pressure 

(indentation)-induced phase transformation in the material, as shown in Fig. 1.16b. 

 In summary, nanoindentation is a versatile tool capable of characterizing the mechanical 

properties of materials, particularly small in volume/size and useful for correlating the 

structure-mechanical property correlationship. All the piezoceramics that are investigated in 

the present work contain nano-sized ferroelectric domains (~ 20 to 80 nm) within the few 

microns sized grains (~ 1 to 2 µm) and therefore, nanoindentation technique will be helpful to 

probe the local mechanical response of individual or clusters of ferroelectric domains and DW. 
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Fig. 1.16 Representative P vs. h curves indicating the (a) pop-in events shown by arrows in 

(100) face of Form I aspirin and (b) pop-out event shown by arrows in (100) face of single-

crystal Si during nanoindentation [Adopted from Ramamurty and Jang, 2014]. 

1.5.3. Piezoresponse Force Microscopy (PFM)  

Piezoresponse force microscopy (PFM) is a channel equipped with a functional atomic force 

microscope (AFM), which allows the characterization of electro-mechanical properties of 

ferroelectric materials, semiconductors and even some biological materials. The PFM was first 

invented by Güthner and Dransfeld (1992) and became a mainstream technique in the field of 

nano ferric materials in recent years due to its attractive features such as identification and 

imaging of ferroelectric domains over a large scale (as high as 100 × 100 µm2) down to few 

nanometers with an additional advantage of surface topography imaging. The working 

principle of PFM is schematically shown in Fig. 1.17. 

 

Fig. 1.17 Schematic representing the working principle of PFM [Courtsey: National Institute 

of Standards and Technology, Gaithersburg, USA]                                                                                              

URL: https://www.nist.gov/image/afmschematic 

(a) (b) 

https://www.nist.gov/image/afmschematic
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 PFM technique allows ferroelectric domain imaging with the help of a conductive 

cantilever (curvature ~ 20 to 30 nm), coated with dense, hard and lustrous metal thin film 

(possibly of titanium and iridium) being gradually pressed into the scan surface (of few µm2). 

The local 𝜀𝑝 values are monitored by the application of small A.C. electric filed. The role of 

the conductive cantilever is of two fold; (i) actuation strains can be collected in the nanoscale 

contact regime of  bulk or thin film sample upon small electric excitation, an actuation effect 

and (ii) probe  electro-mechanical reponse of the material by controlling the mechanical motion 

of cantilever, a sensor effect [Gruverman et al., 2019]. The PFM technique allows to capture 

in-plane and out-of-plane response of material, shown in Fig. 1.18. The in-plane response can 

be captured when catilever applies the A.C. electric field in the direction same as the 

polarization/poling direction of the specimen, indicating the in-phase response of drive volatge 

and piezoelectric properties. On the other hand, the application of A.C. electric field in the 

counter direction of polarization leads to the out-of--phase response of drive volatge and 

piezoelectric properties.  

 

Fig. 1.18 Schematic representation of (a) in-plane deformation, (b) in-plane piezoresponse, (c) 

out-of-plane deformation and (d) out-of-plane piezoresponse of a ferroelectric material 

[Adopted from PFM Wikipedia].  

URL: https://en.wikipedia.org/wiki/Piezoresponse_force_microscopy 

 PFM, within its predictive capabilities in the field of nano ferric materials, can perform 

the following main functions; (i) high-resolution imaging of ferroelectric domains (Fig. 1.19a), 

(ii) electro-mechanical property manipulation at the nanoscale (Fig. 1.19b) and (iii) probes the 

https://en.wikipedia.org/wiki/Piezoresponse_force_microscopy
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local electro-mechanical properties (Fig. 1.19b). In recent years, the advances in the PFM 

technique has led to the determination of the following properties in addition to the ones 

mentioned above are: (a) switching spectroscopy PFM (SS-PFM), a technique used to acquire 

local PFM butterfly (amplitude, 𝐴𝑚 vs. bias voltage, 𝑉𝐵) and hysteresis (phase, 𝜃 vs. bias 

voltage, 𝑉𝐵) loop, (b) vector PFM (V-PFM), typically used for probing the orientation 

dependence of electro-mechanical response with respect to polarization, piezoelectric constants 

and crystallographic orientations of the specimen, as shown in Fig. A1 of the Appendix 1 and 

(c) resonance enhanced PFM (RE-PFM), a technique facilitates the local electro-mechanical 

response and piezoelectric measurements in samples having weaker piezoelectric properties 

and low 𝐸𝑐.     

 

Fig. 1.19 Predictive capabilities of PFM (a) ferroelectric domain imaging (50 nm thick PbTiO3 

thin films) [Adopted from Gruverman et al., 2019] and (b) property manipulation via 

ferroelectric domain switching and probing the electro-mechanical response [Adopted from 

Kalinin et al., 2010]. 

1.6. Scope and objectives of the Thesis  

In summary, the literature review mentioned above reveals that the intrinsic microstructural 

length scales (i.e., from several µm sized grains to few nm size ferroelectric domains) have a 

pronounced influence on the electro-mechanical response of piezoceramics. Therefore, the 

attractive properties of piezoceramics can be exploited by altering such microstructural features 

though their role in mechanical behaviour is not very well understood. Most of the previous 

studies in the open literature were focused on investigating the mechanical response of bulk 

piezoceramics at the macro scale, and less attention is given to understand their mechanics at 

lower length scales (i.e., micro and nanoscale). Furthermore, the effect of local changes in 

(b) 

(a) 
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ferroelectric domain configurations on the mechanical properties of polycrystalline 

piezoceramics needs a detailed investigation. Besides this, there is no comprehensive 

understanding of the addition of aliovalent dopants on the mechanical response of 

polycrystalline piezoceramics. We explore the above open issues using indentation (both micro 

and nano) and PFM techniques in the present work. 

 Further, there are no direct microstructural observations in the open literature (except for 

the work of Schneider et al., 2005), which indicate the ferroelectric domain activities in the 

vicinity of the indentation zone. A comprehensive understanding of such domain-dependent 

indentation behaviour will be helpful for the accurate estimation of mechanical properties in 

piezoceramics. Towards this front, the present work attempts to accomplish the following 

objectives: 

• To obtain different ferroelectric domain configurations in PZT (undoped), PZT-H, PZT-

S, PMN-PT and NKN-NT piezoceramics via DE technique (i.e., annealing at selective 

temperatures). 

• To characterize the ferroelectric domain configurations of sub- and above-Tc annealed 

samples using PFM. 

• To obtain nanomechanical properties of these samples by performing nanoindentation 

experiments. 

• To develop a comprehensive understanding of the role of ferroelectric domains, DW 

activities and addition of dopants on the nanomechanical properties of piezoceramics. 

• To characterize the changes taking place in the ferroelectric domain configurations in the 

deformation zone and in the vicinity of crack front. 

• To examine the origins of ISE in nanoindentation H of polycrystalline piezoceramics 

having different domain configurations. 

1.7. Organization of the Thesis 

Following the above objectives, the present thesis is organized in the following manner; 

Chapter 2  describes the effect of annealing (DE technique) on the mechanical 

properties of PMN-PT and NKN-NT piezoceramics having different ferroelectric domain 

configurations. The underlying mechanisms of enhancement in mechanical properties in light 

of crystal structure and ferroelectric behaviour are discussed in detail. 



32 
 

Chapter 3 presents the important results regarding the role of different ferroelectric 

domain configurations and aliovalent dopants on the mechanical behaviour of PZT (undoped), 

PZT-H and PZT-S. The toughening mechanisms such as indentation induced domain switching 

(IIDS) and domain rearrangement in the vicinity of the indentation are explained with the help 

of ferroelectric domain orientation maps.  Butterfly curves (𝜀𝑟 vs. Ep) are used to rationalize 

the results. 

Chapter 4  deals with the description of observed ISE in nanoindentation H of PMN-

PT, PZT-H, and PZT-S using the mechanistic models. The outcomes of the mechanistic 

modelling and origins of ISE in H are further explained in light of the differences in 

ferroelectric domain configurations. 

Chapter 5  presents the conclusions from the present work. The last part of this chapter 

gives certain directions for future work from the mechanisms proposed in this study.    

 



33 
 

CHAPTER 2 

Effect of sub and above Curie temperature annealing on the mechanical 

properties of PMN-PT and NKN-NT piezoceramics 

Abstract: In this chapter, the role of different ferroelectric domain configurations on the 

mechanical properties of the polycrystalline PMN-PT and NKN-NT (Pb-free) piezoceramics 

is investigated. Annealing treatment is used at selective temperatures (i.e., below and above 

the Tc) to obtain the different ferroelectric domain configurations in both materials. 

Nanoindentation experiments are performed in the load range of 1 to 5 mN, followed by 

micro-Vickers indentation experiments to probe the mechanical properties. The effects of 

crystal structure and differences in ferroelectric domain configurations on enhancing 

mechanical properties are explored1. 

 

2.1.  Introduction 

Among the several classes of piezoelectric materials, solid solution of x(PbMgNbO3)-(1-

x)PbTiO3 (abbreviated as PMN-PT) is quite popular for their high electro-mechanical 

coupling coefficients, dielectric constants, and low dielectric losses and hence attractive 

choice for sensitive sensors, more efficient transducers, and actuators [Newnham and 

Ruschau, 1991, Haertling, 1999, Zhang et al., 2001, Dahiya and Valley, 2013]. Although Pb-

based piezoceramics exhibit a higher electro-mechanical response, many countries have 

enacted their use due to toxic Pb, which further creates hazardous impacts on the entire 

ecological system, particularly in young children. Therefore, the piezo community is 

continuously trying to develop an alternative Pb-free ceramic that can replace Pb-based 

ceramics. Some commonly used Pb-free piezoceramics on this front are BT, BNT, BKT and 

KNN perovskites. Among all of them, KNN-based Pb free piezoceramics can replace PZT 

and PMN-PT, particularly in high-temperature applications due to their relatively high Tc 

(250-460 °C) [Cheng et al., 2014 and Tang et al., 2016]. 

                                                             
1The work presented in this chapter is based on the following publications: 

[1] V.S. Kathavate, B. Praveen Kumar, I. Singh, Palash Roy Chaudhary, K. Eswar Prasad (2018), Nanoindentation 
response of PZT and NKN-NT piezoceramics, J. Coupled Syst. Multiscale Dyn., 06(04) 291-299. 

[2] V.S. Kathavate, B. Praveen Kumar, I. Singh, K. Eswar Prasad (2020), Effect of sub and above curie 
temperature annealing on the nanomechanical properties of PMN-PT piezoceramics, Ceram. Int., 46(8) 12876-
12883. 
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 During their service, components made of these materials often experience variable 

mechanical and electrical loading conditions, which sometimes may deteriorate their electro-

mechanical properties defeating the specific application for which they are designed. A 

comprehensive understanding of the role of microstructural parameters on the mechanical, 

electrical and electro-mechanical properties is beneficial in designing piezoceramics with 

improved mechanical and electrical durability [Pramanick et al., 2011]. Ferroelectric 

domains, regions of directionally aligned dipoles under an applied external electric field, are 

the most prominent microstructural features which control the electro-mechanical properties 

of piezoceramics [Ye and Dong, 2000].  

 Several studies have been, in the past, reported the influence of ferroelectric domain 

configuration on the piezoelectric properties of various piezoceramics [Zhang et al., 1994, Ye 

et al., 2001, Wada et al., 2004, Shur, 2006, Wada, 2006, Choudhury et al., 2007, Fancher et 

al., 2017, Chang et al., 2018, Li et al., 2018; references therein]. All these studies indicate 

that the nature of the piezoelectric behaviour (linear vs. nonlinear), ferroelectric, and 

dielectric properties can be controlled by altering the size and orientation of ferroelectric 

domains, often referred to as domain engineering (DE) [Cady et al., 1946, Nelson et al., 2011, 

Wang et al., 2013; references therein]. DE is typically achieved by tailoring the grain size (or 

domain size) [Karaki et al., 2007, Gupta and Venkatesh, 2008, Zheng et al., 2012, Huan et al., 

2014, Wu et al.,2016, Bai et al., 2017, Pramanik et al., 2019], addition of dopants [Shur, 

2013], controlling the crystallographic texture, micro, or nano-metal electrode patterning, and 

superimposition of radial stresses on the applied electric field [Bai et al., 2018].  

 Most of the studies conducted on piezoceramics are primarily focused on investigating 

the role of DW motion and ferroelectric domain orientations on the electrical, dielectric, and 

piezoelectric properties, while less attention has been given to understand their influence on 

mechanical properties. Ramamurty and co-workers (1999) (1999) (2009) have studied the 

spherical macro-indentation response of conventional PZT and BT piezoceramics and 

demonstrated that the combination of material state (poled vs. unpoled) and nature of the 

indenter (conducting vs. insulating) influence the charge distribution around the indenter and 

affects both the indentation stiffness and H though they did not report any structural or 

microstructural characterization. The previous nanoindentation studies performed on various 

single-crystal piezoceramics revealed the complex events such as ferroelectric domain 

switching and reordering beneath the indenter [Kim et al., 1993, Muñoz-Saldaña et al., 2001, 

Schneider et al., 2005], presence of strong strain gradient polarization (flexoelectric effect) 
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[Maranganti and Sharma, 2007, Zubko et al., 2007, Gharbi et al., 2009], and dislocation 

mediated plasticity [Scholz et al., 2007, Hurtado-Macias et al., 2008]. Though these studies 

highlight the importance of several important events taking place during the indentation, a 

detailed understanding of the role of different ferroelectric domain configurations on the 

indentation behaviour of piezoelectric materials is still far from complete. In view of this, we 

have conducted micro and nanoindentation experiments on polycrystalline PMN-PT and 

sodium-potassium-niobate-sodium-tantalate (NKN-NT) piezoceramics having different 

ferroelectric domain configurations that are obtained by systematically annealing the as-poled 

(AP) samples below and slightly above the Tc.   

2.2.  Materials and Experiments 

2.2.1. Materials 

PMN-PT and NKN-NT piezoceramics prepared via solid-state reaction route are used in the 

current experiments. A high purity raw oxides MgO (Sigma Aldrich, 71%) and Nb2O5 

(Sigma Aldrich, 98.9%) (for PMN-PT) and Na2CO3, K2CO3, Nb2O5 and Ta2O5 (for NKN-

NT) are uniformly mixed in a stoichiometric ratio 0.90(PbMg0.33Nb0.66O3) − 0.10(PbTiO3) 

(for PMN-PT) and 0.94(NaK0.5Nb0.5O3) − 0.06(NaTaO3) (for NKN-NT) with ethanol as a 

medium in a mill for 24 hours. The prepared magnesium niobate oxide (Columbite- 

MgNb2O6) (for PMN-PT) is again synthesized with PbO (Qualigens, 98%) and TiO2 (TTK 

products, 98.5%) for 24 hours. The ball-milled mixtures are calcinated at 1100 °C (for PMN-

PT) and 900 °C (for NKN-NT) for 2 h followed by ball milling for another 24 h to ensure the 

homogeneous mixing of powders. The calcinated powders are then hot-pressed into discs of 

10 mm diameter and thickness of 1 mm followed by sintering at 1200 °C (for PMN-PT) and 

1150 °C (for NKN-NT). The as-cast discs are poled along the thickness in the temperature 

range of 60 to 80 °C in a silicon oil bath at 𝐸𝑝 40 kV/cm around 45 min (for PMN-PT) and 20 

kV/cm around 30 min (for NKN-NT). The surfaces of the discs are coated with a conductive 

silver paste to make them conductive to enable to poling process and to be able to determine 

the 𝑑33 values. The Tc for PMN-PT and NKN-NT is determined to be ~ 200 °C and ~ 300 °C, 

respectively. As the objective of the current study is to investigate the role of ferroelectric 

domains configurations on the mechanical properties, the as-poled (AP) samples are 

subjected to an annealing treatment at 0.6Tc, 0.8Tc, and 1.2Tc (for PMN-PT) and 1.2Tc (for 

NKN-NT) for 2 h. The 𝑑33 values along the thickness direction of all the samples are 

measured at room temperature using SIN0CERA (Model- YE2730A) 𝑑33 meter. The sub and 
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above-Tc annealed samples are hereafter referred to as sub-Tc depoled (STD) and above-Tc 

depoled (ATD) samples. 

2.2.2. X-Ray Diffraction (XRD): Phase and crystal structure analysis  

The nature of phases and crystal structure of all the samples is determined using a high-

resolution Rigaku RINT (SmartLab 2000) X-ray diffractometer. The XRD experiments are 

performed in the diffraction angle range of 20-80° using Cu/Kα radiation (λ = 1.54 Å). A step 

size of 10 s and a scan speed of 0.01° is employed to obtain a high number of counts and 

clearly distinguish the closely spaced peaks. Indexing of the peaks and corresponding 

identification of the phases are done with the help of the Joint Commission on Powder 

Diffraction (JCPDS) database. The lattice parameters are determined from the high-intensity 

peaks.  

2.2.3. Indentation experiments 

Quasi-static nanoindentation experiments are conducted using Bruker Hysitron TI 

nanoindenter to obtain the nanomechanical properties. A Berkovich three-sided pyramidal 

indenter is used, and the area function of the indenter is calibrated using a standard quartz 

sample. Indentations are performed in a load-controlled mode in the peak load range of 1 mN 

to 5mN with an interval of 1 mN. All the indentations are performed at a constant 

loading/unloading rate of 0.1 mN/s with a dwell time of 5 s at peak load. To obtain 

representative data, 20 indentations are performed at each loading case. The spacing between 

the successive indentations maintained about 10 times the maximum penetration depth to 

avoid the interaction of strain fields. The hardness, H values are determined by following 

Oliver and Pharr method [Oliver and Pharr, 1992] using equations 1, respectively.  

                          Hardness,           𝑯 =
𝑷𝒎𝒂𝒙

𝑨𝒄
       (1) 

 Here, 𝑃𝑚𝑎𝑥 refers to maximum indentation load, 𝐴𝑐 is the contact area obtained from 

the area function calibration. The micro-Vickers indentation experiments are performed on 

the AP, STD and ATD samples of both the materials using a microhardness tester (Micro-

Mach Technologies Ltd., Pune) equipped with the Vickers tip in the load range of 0.25 to 2 N 

with a nominal velocity of Vickers indenter 60 µm/s and a dwell time 10 s at 𝑃𝑚𝑎𝑥. The 

Meyer’s hardness (HV) values are then obtained by dividing the 𝑃𝑚𝑎𝑥  with the projected area 

of the impression [Meyer, 1908]. 
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2.2.4. Microstructure and ferroelectric domain characterization  

Pristine samples do not exhibit a good contrast under SEM, and hence the metallographically 

polished samples are ultrasonically cleaned around 10 min followed by chemical etching in 

steps for about 5-8 min in DI H2O + 48% wt HF solution and 3 min in DI H2O + 37% wt 

HNO3. The microstructural analysis of all the samples (i.e., grain size distribution, domain 

size, and porosity) is carried out using a scanning electron microscope (SEM) (model JEOL 

JSM-7610FPlus). Further, the domain visualization is performed both under SEM and 

piezoresponse force microscopy (PFM) (Park-NX Wafer, model-NX20). PFM employs Ti/Ir 

coated cantilever tip with a radius of 20 nm as specified by the manufacturer. The spring 

constant and resonant frequency of the cantilever is ~ 2 N/m and 60 kHz, respectively. AC 

modulated voltage at an amplitude of 5 V and scan frequency 1 Hz are used to detect the 

PFM signal. 

2.3.  Results and Discussion 

2.3.1. Characterization of crystal structure   

X-ray diffraction patterns of all the samples of PMN-PT and NKN-NT are shown in Fig. 

2.1(a) and 2.1(b), respectively. It has been reported in the literature that one of the common 

problems during the synthesis of PMN-PT piezoceramics is the formation of unwanted 

pyrochlore phase [Mylnikova and Bokov, 1959, Setter and Cross, 1980, Swartz and Shrout, 

1982, Garg et al., 2013]. However, the XRD patterns of the current samples do not indicate 

the presence of the pyrochlore phase but only show the diffractions peaks corresponding to 

the perovskite phase, indicating the good quality of ceramics. The differences in diffraction 

patterns among all samples of PMN-PT and NKN-NT are obvious from Fig. 2.1. The AP 

sample of PMN-PT shows strong and sharp peaks of (111), (200) followed by (220) 

planes, while AP samples of NKN-NT exhibit the preferential orientation of the grains along 

(101), (201) and (200) directions. In contrast to this, the annealed samples of both the 

materials show a sharper and intense peak of (110) planes indicating that annealing has 

caused slight changes in the crystal structure. Further, the identification of peaks from the 

JCPDS file confirms the transformation of crystal structure from pseudo-cubic to nearly-

cubic phase for PMN-PT and tetragonal to near-cubic for NKN-NT piezoceramics.  
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Fig. 2.1 XRD patterns of AP, STD and ATD samples of (a) PMN-PT and (b) NKN-NT. The 

subscript “p-c” and “T” represents the pseudo-cubic and tetragonal phase, respectively.  

 The lattice constants of the samples are computed from the diffraction data. The lattice 

parameters for the pseudo-cubic phase of the AP sample in PMN-PT are evaluated to be 𝑎 =

3.76 Å and 𝑐 = 3.78 Å with a tetragonality ratio (c/a) 1.005, while the lattice parameters of 
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the nearly-cubic perovskite phase are found to be 𝑎 = 4.04 Å. On the other hand, the lattice 

parameter for the tetragonal phase of the AP sample in NKN-NT are determined to be 𝑎 =

3.98 Å, and 𝑐 = 4.02 Å, while the lattice parameter of the nearly-cubic phase is determined to 

be 𝑎 = 3.94 Å. The results obtained after XRD analysis are summarized in Table 2.1 below, 

which agree with previous studies [Swartz and Shrout, 1982, Garg et al., 2013, Guo et al., 

2004 and Dai et al., 2007, 2009].   

Table 2.1 Summary of XRD results, 𝑑33 values and 𝑑𝑎𝑣𝑔 values for all the samples of PMN-

PT and NKN-NT piezoceramics. 

Material 
Structural 

state 

Crystal 

Structure 

Lattice 

parameters, 

a and c (Å) 

Tetragonality 

(c/a) 

𝒅𝟑𝟑 

(pC/N) 
𝒅𝒂𝒗𝒈 (µm) 

PMN-PT 

AP Pseudo-cubic 
a = 3.76, 

c = 3.78 
1.005 760±5 1.10±0.23 

STD Near Cubic a = 4.04 -- 390±5 1.90±0.38 

ATD Near Cubic a = 4.04 -- 0 1.65±0.23 

NKN-NT 
AP Tetragonal 

a = 3.98, 

c = 4.02 
1.01 210±7 1.28±0.18 

ATD Near Cubic a = 3.94 -- 0 1.72±0.32 

 

 The 𝑑33 values of AP, STD and ATD samples of PMN-PT and NKN-NT 

piezoceramics are compiled in Table 2.1. Clearly, ATD samples of both the materials exhibit 

“zero” 𝑑33 values, indicating that the above-Tc annealing has caused complete randomization 

of ferroelectric domains, a commonly observed phenomenon in piezoceramics. The 𝑑33 

values of STD samples of PMN-PT annealed at 0.6Tc and 0.8Tc found to be 390±5 and 230±3 

pC/N, respectively. It is interesting to note here that despite having a similar crystal structure 

to ATD samples, the STD samples of PMN-PT exhibited non-zero 𝑑33 values suggesting that 

the ferroelectric domains are not completely randomized in the STD samples. This highlights 

the relative importance of ferroelectric domains on the piezoelectric properties compared to 

the crystal structure.  
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2.3.2. Characterization of microstructures: Composition, grain size, and 

porosity 

Representative SEM images of AP, STD and ATD samples of PMN-PT and NKN-NT 

piezoceramics are shown in Fig. 2.2 and 2.3, respectively. The average grain size, 𝑑𝑎𝑣𝑔 of the 

microstructures (Table 2.1) is obtained from the linear intercept method as per ASTM E-112 

and 113 standards using Image-J software by maintaining a suitable contrast over a 

sufficiently large number of grains. It appears that the 𝑑𝑎𝑣𝑔 values of all the samples in both 

materials are within experimental scatter, suggesting that annealing has not caused an 

increase in grain size. The AP, STD and ATD samples of PMN-PT exhibited a mixed type of 

morphology (i.e., cubic and spherical), while in NKN-NT piezoceramics, the cubic 

morphology of grains is obvious. Furthermore, NKN-NT piezoceramic appears to be softer as 

the surface contains many scratches and more deformed grain (even with extremely gentle 

polishing), unlike PMN-PT. Moreover, both AP and ATD samples of PMN-PT showed a 

large porosity compared to the STD samples. Another interesting feature of the STD and 

ATD microstructure in PMN-PT and NKN-NT is the cracking along some of the grains, 

which is not seen either in AP samples. One of the possible reasons for this could be due to 

the volumetric changes arising from the ferroelectric domain reorientation and domain wall 

motion, mainly due to the structural transformation from pseudo-cubic to nearly cubic in 

PMN-PT and tetragonal to near-cubic in NKN-NT piezoceramics which is evident from the 

XRD patterns (Fig. 2.1).  
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Fig. 2.2 Representative SEM images indicating the microstructures of (a) AP, (b) STD 

(0.6Tc), (c) STD (0.8Tc) and (d) ATD samples of PMN-PT piezoceramics. 
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Fig. 2.3 Representative SEM images indicating the microstructures of (a) AP and (b) ATD 

samples of NKN-NT piezoceramics. 

2.3.3. Analysis of indentation load, P vs. displacement, h curves 

Representative P vs. h curves obtained from nanoindentation experiments for the AP, STD, 

and ATD samples of PMN-PT and AP and ATD samples of NKN-NT are shown in Fig. 2.4 

and 2.5, respectively. The AFM images of the imprints do not show any evidence of pile up 

or crack at the imprint corners suggesting that Oliver and Pharr (O&P) analysis [Oliver and 

Pharr, 1992] can be employed to interpret the indentation data and obtain mechanical 

properties (Eq. 1). According to O&P analysis, the loading and unloading curves follow the 

power-law relation, as described in equations 2 and 3;  

      𝑷 = 𝜶𝒉𝒎                (2) 

      𝑷 = 𝜶(𝒉 − 𝒉𝒇)𝒏               (3) 
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Fig. 2.4 Representative P vs. h curves for (a) AP, (b) STD (0.6Tc), (c) STD (0.8Tc) and (d) 

ATD samples of PMN-PT piezoceramics. 
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Fig. 2.5 Representative P vs. h curves for (a) AP and (b) ATD samples of NKN-NT 

piezoceramics. 
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 The loading and unloading part of all the P-h curves are in good agreement with 

equations 3 and 4 (with a regression coefficient, R2 ~ 0.9999). In addition to this, all the 

curves (at various 𝑃𝑚𝑎𝑥) yield a similar power-law exponent confirming a high level of 

repeatability and reproducibility of the results with minimum scatter in the nanoindentation 

data. Further, the loading part of P-h curves in PMN-PT do not show any noticeable pop-in 

events (i.e., displacement bursts) even at 𝑃𝑚𝑎𝑥 of 5 mN, negating the formation of cracks 

during indentation. However, a caveat here is that the absence of pop-ins on the loading 

curves does not always mean that the cracks have not formed during indentation, as noticed 

by a recent study [Prasad and Ramesh, 2019]. For instance, pop-in events can be seen on the 

loading curves in AP samples of NKN-NT at 𝑃𝑚𝑎𝑥 beyond 3 mN (Fig. 2.4a). The existence of 

displacement bursts in AP samples of NKN-NT is likely because of the formation of cracks 

beneath the indenter during relaxation of indentation stresses.  

2.3.4. Variation of H with respect to Pmax: Indentation Size Effects (ISE) 

The variation in H values with respect to 𝑃𝑚𝑎𝑥 for AP, STD and ATD samples of PMN-PT 

and NKN-NT is plotted in Fig. 2.6a and 2.6b, respectively. It is evident from Fig. 2.6 that in 

PMN-PT, the H for all the samples increases with 𝑃𝑚𝑎𝑥 initially and decreases thereafter. On 

the other hand, for any given domain configuration, H decreases with 𝑃𝑚𝑎𝑥 in NKN-NT 

piezoceramics. The increasing trend of H is referred to as a reverse indentation size effect 

(RISE), while the decreasing trend is referred to as normal ISE. The normal ISE is quite 

extensively observed in crystalline materials [Li and Bradt, 1993, Nix and Gao, 1998, Gong 

et al., 1999, Kathavate et al., 2018, Prasad and Ramesh, 2019], including some studies on 

piezoelectric materials [Zubko et al., 2007, Scholz et al., 2007, Hurtado-Macias et al., 2008 

and Gharbi et al., 2009], while RISE is reported in few literature studies [Sangwal, 1989, 

2000 and Li and Bradt, 1996]. The possible reasons for normal ISE in metals are the presence 

high density of geometrically necessary dislocations (GNDs) due to steep strain gradients 

beneath the indentation. On the other hand, the few limited studies conducted on different 

piezoelectric materials indicate that the ISE could be due to domain switching events 

occurring under the indentation, high GND density, and the flexoelectric phenomenon. 

Despite these studies, a detailed understanding of the role of ferroelectric domains on the ISE 

in piezoelectric materials still far from complete. Unlike ISE, the RISE in ceramics is 

explained by the indentation induced cracking (IIC) model proposed by Li and Bradt [Li and 

Bradt, 1996]. However, none of the indentation imprints show any evidence of the cracking, 

suggesting that the IIC model is not suitable for explaining the RISE observed in the current 
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study. Therefore, the observed RISE could be due to the surface irregularities generated 

during the sample preparation. A detailed analysis of RISE and ISE is presented in chapter 4.   

 

Fig. 2.6 Variation of micro and nanoindentation H with respect to 𝑃𝑚𝑎𝑥 for all the samples of 

(a) PMN-PT and (b) NKN-NT piezoceramics.  
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Table 2.2 Summary of H and elastic recovery (H/E), 𝜒 values obtained from micro and 

nanoindentation experiments for all the samples of PMN-PT and NKN-NT piezoceramics. 

Material Structural 

state 

Nano H (GPa) at  

𝑷𝒎𝒂𝒙  = 5 mN 

Micro H (GPa) at 

𝑷𝒎𝒂𝒙  = 2 N 

E (GPa) 𝝌 (H/E) 

PMN-PT 

AP 4.10±0.50 2.52±0.15 101±1.54 0.040 

STD (0.6Tc) 9.80±0.75 5.40±0.15 118±2.00 0.083 

STD (0.8Tc) 7.90±1.10 4.80±0.28 110±2.20 0.071 

ATD 5.10±0.80 3.18±0.28 106±1.65 0.055 

NKN-

NT 

AP 5.40 ± 0.12 4±0.32 68±7.37 0.078 

ATD 5.77 ± 0.37 3.75±0.22 66±4.54 0.086 

 

 The H values determined from the micro and nanoindentation experiments for all the 

samples of PMN-PT and NKN-NT are summarized in Table 2.2. Clearly, in both materials, 

annealed samples exhibit higher H values than all other samples. Interestingly, in PMN-PT, 

the STD samples show relatively higher H than the AP and ATD samples. These differences 

in H among the various samples can be attributed to the differences in (i) microstructural 

features such as grain size and porosity, (ii) crystal structure, (iii) ferroelectric domain 

configurations as a result of DE, and (iv) electro-elastic activity associated with ferroelectric 

domains (e.g., domain switching and/or reorientation) beneath the indenter. The difference in 

the 𝑑𝑎𝑣𝑔 between the AP (lowest H) and STD (highest H) samples of PMN-PT is only ~ 

30%, while it is ~ 34% between the AP (lowest H) and ATD (highest H) samples of NKN-

NT (within standard deviation), indicating that high H of annealed samples cannot be directly 

related to the differences in 𝑑𝑎𝑣𝑔. This is obvious as the annealing at such low temperatures 

(i.e., ~ 1/4th or 1/5th of the sintering temperature) is not the substantial cause for the change in 

𝑑𝑎𝑣𝑔, which further indicates that the effect of 𝑑𝑎𝑣𝑔 is negligible on H. Further, the maximum 

penetration depth, ℎ𝑚𝑎𝑥 at 𝑃𝑚𝑎𝑥 of 5 mN, is in the range 140 to 160 nm for PMN-PT, while it 

is 180 to 200 nm (at 𝑃𝑚𝑎𝑥 of 4 mN) for NKN-NT, which is approximately 1/10th of the 𝑑𝑎𝑣𝑔, 

suggesting that the indentation response is most likely comes from an individual grain and 

strengthening effects due to grain boundaries are negligible. Another important difference 

between the AP, STD and ATD samples is the amount of porosity. If the porosity is to be the 

reason for the observed differences in H, then P-h curves should exhibit a large scatter in H 

values or noticeable pop-in events whenever the indentations are made in the proximity of the 
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pores. However, such behaviour is not observed, suggesting that the variation in H must be 

related to the intrinsic microstructural features. On the contrary, the relatively high porosity 

of AP and ATD samples in PMN-PT could be due to their low H, which may have caused 

easy removal of material, particularly during metallographic sample preparation.  

2.3.5. Role of crystal structure and crystal orientation on the mechanical 

properties 

Wada et al. (2004), in the case of BT single crystals, have observed that dielectric and 

piezoelectric properties are influenced by crystal structure, crystallographic orientation, and 

ferroelectric domain configurations. However, in the current experiments, if the crystal 

structure is to be the primary reason for the observed differences in H, both the STD and 

ATD samples should show a similar value, which is not the case. It is well established that, in 

polycrystalline materials, the processing route and sintering parameters have considerable 

influence on the crystallographic texture. Since the annealing temperatures used in the current 

experiments are well below the sintering temperatures (i.e., 1/6th for PMN-PT and 1/5th for 

NKN-NT), it is reasonable to assume a similar texture for the STD and ATD samples. This 

further implies that the orientation of the grains also has a marginal effect on the observed 

differences in nanomechanical properties. 

2.3.6. Role of ferroelectric domain configuration on mechanical properties 

The above observations imply that the enhancement in mechanical properties must be related 

to the differences in ferroelectric domain configurations introduced during the annealing 

process. The electro-elastic nature of dipoles and domains is most likely to affect the 

nanomechanical properties. Fig. 2.7 (a-c) demonstrates the ferroelectric domain features of 

AP, STD and ATD samples of PMN-PT obtained after wet etching. The interesting feature of 

the observed ferroelectric domains in STD and ATD samples is that DW gets reordered into 

the needle-like structures, mostly having two-fold symmetry. The high contrast regions in 

Fig. 2.8 (a-c) of PFM images indicate the piezoactive regions, which further highlights the 

qualitative differences among the arrangement of ferroelectric domains in AP, STD, and 

ATD samples. The quantification of these regions and visualization of ferroelectric domain 

structure in NKN-NT Pb-free piezoceramics requires high-resolution PFM, which requires a 

higher voltage (~ 80 to 100 V) than the one employed in the current study (~ 5 to 10 V). 

Further, the 𝑑33 values in both the materials can indirectly give information about the amount 

of ordered ferroelectric domains in different samples. The 𝑑33 and H values for all the 
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samples of PMN-PT and NKN-NT are plotted against the material state and shown in Fig 

2.9a and b, respectively. Unlike H, the 𝑑33 values follow a specific trend (AP > STD > 

ATD), which indicates that the degree of randomness in ferroelectric domains increases with 

increasing annealing temperature, as shown in the schematic Fig. 2.10. The ferroelectric 

domains are well aligned in AP samples, partially ordered in STD samples, and fully 

disordered in ATD samples. Based on these observations, it can be construed that the effect 

of ferroelectric domains on H is much more complex than the 𝑑33 values and also depends on 

the elastic recovery of the ferroelectric domains, domain switching mechanisms [Park et al., 

2013], DW motion [Promsawat et al., 2017], dislocation mediated plasticity, and plastic 

strain gradients prevalent underneath the indentation.  
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Fig. 2.7 Representative SEM images demonstrating the self-assembled ferroelectric domains 

after wet etching of (a) AP, (b) STD (0.8Tc) and (c) ATD samples of PMN-PT (magnified 

view of the ferroelectric domains is shown in inset). 

Fig 2.8 Representative PFM (PR signal) topographic images of self-assembled nanodomains 

in (a) AP, (b) STD (0.8Tc) and (d) ATD samples of PMN-PT piezoceramics. Piezoelectrically 

active region (high contrast region) is shown in dotted rectangle.  
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Fig. 2.9 Summary of variation in H and 𝑑33 values with respect to the different structural 

states for (a) PMN-PT and (b) NKN-NT piezoceramics. 

Fig. 2.10 Schematic representing the ferroelectric domain configurations in AP, STD and 

ATD samples of piezoceramics as a result of thermal treatment. 

AP (highly 

ordered) 

 STD (partially 

disordered) 

ATD (fully 

disordered) 
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 The electro-elastic nature of different ferroelectric domain configured samples can be 

estimated by the elastic recovery parameter, 𝜒 (defined as the ratio of H and E). The values of 

𝜒 for all the samples of PMN-PT and NKN-NT are in the range of 0.03 to 0.08, and 

consistent with the literature reported values for ceramics [Peng et al., 2012]. The 𝜒 values 

indicate that the STD (both 0.6Tc and 0.8Tc) samples of PMN-PT exhibit greater elastic 

recovery (more than 50%) than the AP and ATD samples, while in NKN-NT, ATD samples 

reflected the higher 𝜒 values than AP samples. The large elastic recovery in annealed samples 

of both the material could be one reason for the observed high H values in annealed samples. 

Further, during the elastic-plastic indentation of piezoelectric materials, besides the 

dislocation mediated plasticity, the ferroelectric domain structure, nature of domain switching 

and DW motion offers resistance to the indentation and controls H and other mechanical 

properties in piezoceramics. Ramamurty and co-workers (1999) have also reported higher 

indentation stiffness in unpoled samples (where the ferroelectric domains are completely 

disordered). This implies that besides the dielectric properties, orientation and alignment of 

DW, have a marked effect on the mechanical properties. Further, Park and Dicken [Park et 

al., 2007] revealed the change in the nanomechanical properties of individual ferroelectric 

domains (𝑎, 𝑐+ and 𝑐−) due to 90° domain switching have an appreciable influence on E and 

H. Muñoz-Saldaña et al. (2001) and Schneider and co-workers (2005) have also observed 

switching of ferroelectric domains within the indented region whose rearrangement is 

influenced by the multiaxial stress state. Besides the ferroelectric domain switching, the DW 

motion may also have a considerable influence on the mechanical properties, which is largely 

unexplored in the literature. It appears from the H values that the partially ordered domain 

structure and DW boundaries offer increased resistance to the indentation compared to the 

AP and ATD samples in PMN-PT. Sub-Tc annealing appears to have imposed high residual 

stresses on the DW due to the local changes in the ferroelectric domain structure, which can 

also be one of the possible reasons for high H. However, a comprehensive understanding of 

the role of annealing temperature on ferroelectric domain configurations needs to be 

investigated in details. Although the SEM and PFM images indicate the qualitative 

differences between the nature of the ferroelectric domains in the different samples, the 

domain interaction underneath the indenter and role of strain gradients is needed further 

investigation. However, the current study demonstrates the possibility of enhancing the H via 

ferroelectric DE technique, making PMN-PT and NKN-NT piezoceramics suitable for 

improved wear resistance applications.   
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2.4.  Summary  

In summary, the micro and nanoindentation experiments are performed on the PMN-PT and 

NKN-NT piezoceramics with different ferroelectric domain configurations obtained via 

thermal annealing. The experimental observations from the present chapter can be 

summarized as follows; 

 Sub-Tc annealing of the PMT-PT piezoceramics leads to a pronounced increase in H 

(~ 2–2.5 times that of the AP samples), while above-Tc annealing in NKN-NT 

marginally tailors the H values with a concomitant decrease in 𝑑33 values in both the 

materials.  

 The DE via annealing treatment causes significant changes in the ferroelectric domain 

configurations, thereby enhancing mechanical properties. The sub and above-Tc 

annealing cause a change in the crystal structure of both the materials, and it appears 

to have less influence on the mechanical properties.     

 In the STD and ATD samples, the reorientation of ferroelectric domains induces 

significant incompatibility in stresses at the DW boundaries, sometimes leading to 

cracking in some of the grains.  

 A higher elastic recovery is observed in the STD samples than the AP and ATD 

samples of PMN-PT, while in NKN-NT, ATD samples exhibit a higher elastic 

recovery, which corroborates with the observed H values.  
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CHAPTER 3 

Mechanisms of enhanced mechanical response of polycrystalline hard and 

soft- doped PZT via domain engineering technique 

Abstract: The effect of different ferroelectric domain configurations on the strengthening 

mechanisms in polycrystalline aliovalent cation doped hard and soft PZT is explored in this 

chapter. Different ferroelectric domain configurations in as-poled samples of both the PZTs 

are obtained by employing a domain engineering technique via thermal annealing at selective 

temperatures (i.e., below and above Curie temperature, Tc), which are subsequently 

characterized by piezoresponse force microscopy. A series of nano and microindentation 

experiments are performed on all the different domain configured samples of hard and soft 

PZT over a range of indentation loads. The viable strengthening and toughening mechanisms 

in both the PZTs are explored. Further, a detailed discussion is provided highlighting the role 

of ferroelectric distortion and defect vacancies on the indentation response of polycrystalline 

piezoceramics1. 

 

3.1. Introduction 

The solid solution of PbZrO3 and PbTiO3, lead zirconate titanate (abbreviated as PZT) 

represents the class of perovskite-oxide system (ABO3) are the potential candidates in many 

electronics applications such as transducers, piezo generators and piezo actuators due to their 

excellent electrical-mechanical properties [Jaffe et al., 1971, Takahashi 1982, Pisarenko et 

al., 1985, Mock et al., 2009]. During service, the self-heating of piezo actuators is a common 

issue, and these devices experience high mechanical stresses at high cycle frequencies 

leading to large strain incompatibilities and significant hysteresis in the material which 

mainly arises due to the reorientation of ferroelectric domains and depolarization. Therefore, 

practical applications of PZT as an actuator in military impact fuzes and fuel injection 

systems demand the reliability of these devices at high temperatures [Mock et al., 2009]. 

 
1 The work presented in this chapter is based on the following publications: 

[1] V.S. Kathavate, H. Sonagara, B. Praveen Kumar, I. Singh, K. Eswar Prasad, Tailoring nanomechanical 
properties of hard and soft PZT via domain engineering by selective annealing, Mater. Today Comm., 28 (2021) 
102495. 

[2] V.S. Kathavate, H. Sonagara, B. Praveen Kumar, I. Singh, K. Eswar Prasad, Direct observations of changes in 
ferroelectric domain configurations around the indentation and ahead of the crack in soft-doped PZT, 
Materialia, 19 (2021) 101191. 
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Over the years, considerable efforts have been put to improve the electrical and mechanical 

performance of PZT by controlling the microstructural features such as grain size and 

ferroelectric domain configurations [Kugel and Cross, 1998, Galassi et al., 1999, Morozov 

and Damjanovic, 2010, Li et al., 2015, Horchidan et al., 2016, Promsawat et al., 2017, 

Limpichaipanit et al., 2018, Huang et al., 2019]. Further, the high-temperature performance 

of PZT can also be tailored by the addition of aliovalent donor/acceptor cations in PbZrO3-

PbTiO3 lattice which differentiates the “hard” and “soft” characteristics in PZT [Kugel and 

Cross, 1998, Morozov and Damjanovic, 2010, Horchidan et al., 2016, Promsawat et al., 

2017].  

 The addition of aliovalent dopants control the ferroelectric domain configurations and 

defect vacancies thereby effect the polarization and depolarization behaviour of hard PZT 

(abbreviated as PZT-H) and soft PZT (abbreviated as PZT-S) [Morozov and Damjanovic, 

2010, Horchidan et al., 2016, Promsawat et al., 2017]. The acceptor aliovalent cations such as 

K+, Na+ replace “A” site cations and Al3+, Mn3+, Fe3+ replace “B” site cations when doped in 

PbZrO3-PbTiO3, and tends to form PZT-H, while PZT-S are obtained when “A” and “B” 

sites respectively are replaced with aliovalent dopants such as La3+, W6+ and Nb5+, Sb5+ 

cations [Morozov and Damjanovic, 2010, Horchidan et al., 2016, Promsawat et al., 2017]. 

PZT-H retain their structural stability under high electrical and mechanical stresses thereby 

making them suitable for high power applications, while PZT-S are mainly used in the high-

precision actuator applications due to their superior ferroelectric behaviour such as high 

electro-mechanical coupling coefficient, 𝑘33 and piezoelectric charge coefficient, 𝑑33 [Kugel 

and Cross, 1998].  

 In piezoceramic perovskites, the formation of ferroelectric domains is attributed to the 

alignment of dipoles along distinct polarization directions. Several studies [Zhang et al., 

1994, Zhang et al., 2001, Wada et al., 2004, Shur, 2006, Njiwa et al., 2006, Pramanick et al., 

2011, Wang et al., 2013, Chang et al., 2018, Pramanik et al., 2019], in the past, have focused 

on understanding the effects of ferroelectric domain size, domain walls (DW), and 

interdomain spacing on the electrical properties of piezoceramics. Domain engineering (DE) 

methods have been adopted by modifying the crystal structure [Wada et al., 2004], 

controlling the grain size [Shur, 2006, Pramanick et al., 2011, Wang et al., 2013, Pramanik et 

al., 2019], nano-patterning [Chang et al., 2018], altering remnant polarization, and imposing 

mechanical stresses during poling [Njiwa et al., 2006]. For instance, Wada et al. (2004), in 

the case of single-crystal BaTiO3, demonstrated a 200% increase in 𝑑33 by modifying the 
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crystal structure with different engineered ferroelectric domain configurations. Shur (2006) 

suggested that merging of neighbouring DW within an individual grain might accelerate the 

depolarization in the material, which influences the piezoelectric performance of Pb-free 

piezoceramics. Pramanick et al. (2011) have observed that a decrease in grain size (~50 %) 

due to the addition of dopants causes a respective increase in the polarization and 𝑑33 values 

by ~ 166% and ~ 4 times, respectively, which is attributed to the increased contributions of 

non-180° DW motions (at nanoscale) and lattice strain incompatibilities. Recently, Chang 

and co-workers (2018) have shown an increase of ~ 36% and ~ 38% in 𝑑33 and dielectric 

constant, 𝜀𝑑 respectively, by texturing with MnOx semiconductor nano-patterns on single-

crystal PMN-PT. Among all the DE methods, thermal annealing is cost-effective and less 

tedious as it requires a simple non-oxidative furnace set up. Kathavate and co-workers (2018) 

(2020) have selectively annealed the NKN-NT (Pb-free) and PMN-PT piezoceramics below 

and above their Curie temperatures, Tc, and observed a change in 𝑑33 and nanomechanical 

properties which is attributed to the annealing induced ferroelectric domain randomization 

(indirectly determined from the 𝑑33 values) although it was not fully characterized.  

 Recent developments in instrumented indentation techniques (IITs) such as 

nanoindentation and piezoresponse force microscopy (PFM) offer the in-situ characterization 

of the structural properties of the bulk ceramics at small length scales. Previous 

nanoindentation experiments, particularly on conventional single-crystal BT and PZT have 

witnessed the ferroelectric domain rearrangement and domain switching underneath the 

indenter [Schneider et al., 2005, Scholz et al., 2007, Park et al., 2007, Wong and Zeng, 2008, 

2010], existence of the flexoelectric effect [Gharbi et al., 2009], and dislocation mediated slip 

[Wong and Zeng, 2008, 2010 and Mathews et al., 2020] as the primary modes of 

deformation. Though there are no direct/clear microstructural evidance, the possible reasons 

for the observed anisotropy is attributed to the ferroelectric domain switching at the crack tip 

and reversible pressure-induced phase transformation in the material. For instance, a few 

studies [Glazounov et al., 2001, Jones and co-workers, 2005, 2006, 2006 and Daniels et al., 

2006] have been focused in understanding the changes taking place in the ferroelectric 

domain configuration as a result of deformation and fracture using indirect methods such as 

X-ray and neutron diffraction. Glazounov et al. (2001) and Jones and Hoffman (2006) have 

observed a significant reorientations of ferroelectric domains on the fracture surface and 

argued that this could be one of the toughnening mechansism in piezoceramics. Jones and co-

workers [Jones and co-workers, 2005, 2006, Daniels et al., 2006 and Tutuncu et al., 2014] 
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have reported that ferroelectric distortion and domain wall (DW) motion (both 90° and 180°) 

are the primary mechanisms responsible for the dynamic piezoresponse and giant electro-

mechanical strain (~ 0.1%) in PZT and BZT-BCT piezoceramics. Further, the above studies 

[Jones and co-workers, 2005, 2006, Daniels et al., 2006 and Tutuncu et al., 2014] also 

indicated that the grain size, 𝑑𝑎𝑣𝑔 and relative density, 𝜌𝑟 of the samples have negligible 

influence on the DW density and ferroelectric domain mobility. All the studies (except for the 

works of Schneider et al., 2005) conducted hitherto do not characterize the local ferroelectric 

domain activities around the indentation zone and hence the conclusions are mostly based on 

indirect arguments. It is interesting to see the changes in ferroelectric domain configurations 

taking place around the indentation zone with the help of indentation and PFM experiments. 

 In earlier work on undoped PZT [Kathavate et al., 2018], it was observed that the 

randomization of ferroelectric domains favours the increase in nanohardness, H. The doped 

PZTs (doping with aliovalent acceptor/donor cations) offers superior piezoelectric properties 

compared to the undoped PZTs and hence are an ideal choice for the high-temperature 

applications. The role of ferroelectric domain configurations on the electro-mechanical 

properties of aliovalent cation doped PZTs is not studied in detail, and it would be interesting 

to examine the effect of changes in the ferroelectric domain configurations on the mechanical 

behaviour of these materials.  

 In view of this, the ferroelectric domain configurations of polycrystalline PZT-H and 

PZT-S are systematically varied by selectively annealing the as-poled (AP) samples below 

and above the Tc, respectively. A detailed characterization of the ferroelectric domain 

configurations of the poled and depoled samples is conducted using PFM. Nanoindentation 

experiments are then performed on the poled and depoled samples with an objective to 

understand the effect of differences in ferroelectric domain configuration on the mechanical 

behaviour of doped PZTs. Furthermore, we have characterized the ferroelectric domain 

configurations in the plastically deformed zone (PDZ), around and ahead of the crack tip of 

Vickers indentation imprint to understand the effect of deformation on the ferroelectric 

domain configurations. 

3.2. Materials and Experiments 

3.2.1. Materials and sample preparation 

The test materials used in this study are undoped PZT (abbreviated as PZT-U), K1+ acceptor-

doped PZT-H and La3+ donor-doped PZT-S piezoceramics fabricated via solid-state reaction 
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route. High-quality precursors of PbO (Qualigens, 98% pure), ZrO2 (99% pure), and TiO2 

(TTK products, 98.5% pure) are uniformly mixed in the stoichiometric ratio 

(PbZr0.52Ti0.48O3) for PZT-U, Pb0.98K0.02(Zr0.47Ti0.51Al0.02)O3 for PZT-H and 

Pb0.98La0.02(Zr0.47Ti0.51Nb0.02)O3 for PZT-S followed by ball milling for 48 h. The ball-

milled powders are subjected to calcination at 900 °C for 4 h to remove the impurities, if any. 

Further, the calcinated powders are ball-milled again using ethanol as a medium for 24 h to 

ensure homogenous mixing and avoid the agglomeration of particles, if any. The mixture is 

then granulated in 10% (vol.) polyethylene glycol solution to improve the flowability and 

cold consolidation behaviour. Subsequently, the calcinated powders are hot-pressed into disc 

shape pellets having a diameter of 25 mm and thickness of 2 mm followed by sintering in 

ZrO2 crucibles at 1200 °C for 2 h. The discs are then coated with conductive silver paste 

followed by electrode firing along thickness in a silicon oil bath (at 60 °C with an applied 

electric field 20 kV/cm for PZT-U, 10 kV/cm for PZT-H and 40 kV/cm for PZT-S).  

 The mechanical quality factor, 𝑄𝑚 of as poled (AP) samples of PZT-H and PZT-S is 

determined to be 450 and 85, respectively via electrical power method with high frequency 

(12 Hz to 120 MHz) impedance analyser. The obtained 𝑄𝑚values are in agreement with the 

reported values in the literature [Mazheritsky, 2002]. The 𝑄𝑚 values in PZT are reported to 

decrease with an increase in temperature near the Tc [Mazheritsky, 2002]. However, this 

requires high frequency equivalent electric circuit set up, which is beyond the scope of the 

present study (since the present study is centred on probing the mechanical properties and 

strengthening behaviour of the PZT).  The Tc of PZT-U, PZT-H and PZT-S is determined to 

be 250, 300 and 350 °C, respectively [Promsawat et al., 2017]. Previous studies have shown 

that annealing of piezoceramic materials near Tc causes randomization of ferroelectric 

domains [Zhang et al., 1994, Wada et al., 2004, Limpichaipanit et al., 2018, Huang et al., 

2019]. Therefore, the AP samples of all the PZTs are selectively annealed in an Argon 

controlled atmosphere (furnace-INDFURR) at 0.8Tc and 1.2Tc with a 2h holding time to 

obtain samples with different ferroelectric domain configurations. The 0.8Tc and 1.2Tc 

annealed samples of both the PZTs are hereafter referred to as sub-Tc depoled (STD) and 

above-Tc depoled (ATD), respectively. Different steps involved in sample fabrication, 

specimen preparation, and DE technique along with a schematic describing the different 

ferroelectric domain configurations of AP, STD and ATD samples are presented in Fig. 3.1. 

The 𝑑33 of all the samples is determined at room temperature at vibratory shake force 250 

mN and frequency 110 Hz using piezo 𝑑33 meter (SIN0CERA Model- YE2730A).    
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Fig. 3.1 Schematic showing the doping, sintering, and annealing procedure for obtaining 

different domain configurations in PZT-H and PZT-S. 

3.2.2. X-ray Diffraction (XRD) and Microstructural Characterization  

The presence of phases and crystal structures of AP, STD, and ATD samples of PZT-U, PZT-

H and PZT-S is determined using X-ray diffractometer (Rigaku Smart Lab). Diffraction data 

is collected at 2θ position in the range of 20-80° (Cu/Kα radiation, λ=1.54Å) at room 

temperature with slow scan speed in the step size of 0.02°. The XRD data is then analyzed 

using standard powder diffraction database (JCPDS) to identify the crystal structure and 

phases present. The grain size of the samples is determined using field emission-scanning 

electron microscope (FE-SEM, JEOL JSM-7610FPlus) following standard metallographic 

sample preparation methods with polishing the samples to a surface finish of 0.25 μm and 

subsequently etching in 48% (vol.) HF for 2 min followed by 37% (vol.) HNO3 for 1 min in 

deionized water. The 𝑑𝑎𝑣𝑔 is calculated using Image J software by maintaining suitable 

contrast over a sufficiently large number of grains. To confirm the stoichiometric amounts of 

the constituents, energy dispersive spectroscopy (EDS) (Quantt program) is performed in 

conjunction with FE-SEM. 

3.2.3. Mechanical characterization: Nano and microindentation 

experiments  

Quasistatic nanoindentation experiments are performed on AP, STD and ATD samples of 

PZT-U, PZT-H and PZT-S in load controlled mode using Bruker Hysitron TI nanoindenter. 
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All the experiments are conducted with three-sided pyramidal Berkovich indenter at room 

temperature in the load range of 1 to 5 mN with an interval of 1 mN, constant 

loading/unloading rate of 0.1 mN/s, and a dwell time of 2 s at 𝑃𝑚𝑎𝑥. The area function, 𝐴(ℎ𝑐) 

of the indenter is calibrated using a standard quartz sample in the depth range of 50-200 nm. 

A maximum of 20 indentations are performed at each 𝑃𝑚𝑎𝑥 to obtain a statistically 

representative data. The spacing between successive indentations is taken as 10 times the 

maximum penetration depth, ℎ𝑚𝑎𝑥 to avoid the strain field interactions of indents. The 

hardness, H of all the samples is determined using Oliver and Pharr (O&P) method [Oliver 

and Pharr, 1992] and details of which are mentioned in equation 1;  

                       Hardness, 𝑯 =
𝑷𝒎𝒂𝒙

𝑨(𝒉𝒄)
       (1) 

Here, 𝑃𝑚𝑎𝑥 and ℎ𝑐 specify the maximum indentation load and contact depth, respectively and 

area function 𝐴(ℎ𝑐) computed from the experiment. After nanoindentation experiments, the 

micro-Vickers indentation experiments on the AP, STD and ATD samples of PZT-H and 

PZT-S are performed using a microhardness tester (Micro-Mach Technologies Ltd., Pune) 

equipped with the Vickers tip in the load range of 0.25 to 2 N with a nominal velocity of 

Vickers indenter 60 µm/s and a dwell time 10 s at 𝑃𝑚𝑎𝑥. The Meyer’s hardness (HV) values 

from the micro-Vickers indentation experiments are obtained dividing the 𝑃𝑚𝑎𝑥 by projected 

area [Meyer, 1908]. Further, the indentation fracture toughness, 𝐾𝐼𝐶
𝑖  from the micro-Vickers 

indentation experiments is determined using the below equation 2 and the details of which are 

mentioned elsewhere in the ref. [Lawn and Brown, 1977]; 

     𝑲𝑰𝑪
𝒊 = 𝟎. 𝟎𝟎𝟏𝟔 (

𝑬

𝑯
)

𝟏/𝟐

𝑷𝒎𝒂𝒙𝒄−𝟑/𝟐        (2) 

Here, c represents the crack length from the centre of the indentation impression. The 

respective E values for PZT-H and PZT-S are determined to be in the range of 125 GPa to 

152 GPa. 

3.2.4. Domain visualization - Piezoresponse Force Microscopy (PFM) 

The ferroelectric domain configurations (which comprises of "𝑐" and "𝑎" domains) of AP, 

STD and ATD samples of PZT-H and PZT-S are characterized using piezoresponse force 

microscope (PFM) (Park-NX Wafer, model-NX20) over an area of 4 μm2 using Ti/Ir coated 

conductive cantilever tip (curvature ~ 20 nm). The PFM signals are obtained in contact mode 

at the DC drive voltage range of 3 to 5 V and a scan frequency of 0.5 Hz. The cantilever is 
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held at a spring constant and resonant frequency of ~ 2 N/m and 17 kHz, respectively. To 

probe the local ferroelectric domain switching characteristics, piezoresponse force 

spectroscopy (SS-PFM) is employed at ramped AC voltage ±10V to capture the amplitude, 

𝐴𝑚 vs. bias, 𝑉𝐵 (butterfly loop) and phase shift, 𝜃 vs. bias, 𝑉𝐵 (hysteresis loop) response. 

3.3. Results and Discussion 

3.3.1. Effect of DE on crystal structure and microstructures of PZT-U, 

PZT-H and PZT-S 

Room temperature XRD spectra of AP, STD, and ATD samples of PZT-U, PZT-H and PZT-

S are shown in Figs. 3.2(a-c), respectively which shows the presence of single perovskite 

phase (JCPDS card no. 73-2022 for PZT-U, and 33-0784 for PZT-H and PZT-S). No 

secondary phase formation has been observed within the error limit of diffractometer 

sensitivity. The absence of small peaks in the XRD patterns of PZT-H and PZT-S 

demonstrate that the aliovalent cations are completely diffused in the PbZrO3-PbTiO3 lattice, 

confirming the phase purity and good quality of ceramics. PZT ceramics in AP condition are 

reported to exhibit the rhombohedral and tetragonal symmetry composition below and above 

the morphotropic phase boundary (MPB), respectively with a small fraction of cubic phase 

[Noheda and co-workers, 2000] which is indicated by the (111) peak around 37.5°. The 

presence of pure rhombohedral phase in AP samples of PZT-U indicates that the 

stoichiometric proportions of oxides are well below the MPB, while presence of pure 

tetragonal phase (~ 88%) in AP samples of PZT-H and PZT-S reflects the composition above 

MPB. One of the possible reasons for this is the addition of aliovalent acceptor/donor dopants 

which significantly shifts the crystal structure in PZT. Further, the texture and fraction of 

highly oriented ferroelectric domains are expected to change with annealing, affecting the 

𝑑33 values (as presented in Table 3.1) and consistent with the phase diagram of PZT [Noheda 

et al., 2000]. It also appears that the STD and ATD samples of PZT-H exhibit symmetric 

peak splitting of (001) // (100) planes (Fig. 3.2a), while the PZT-S exhibit asymmetric peak 

splitting of (002) // (200) planes (Fig. 3.2b). These peak splitting (resolved view) are shown 

in Fig. A2 of Appendix 1.  A priori, one would expect this peak splitting probably due to the 

size mismatch between aliovalent cations in the PbZrO3-PbTiO3 lattice because of the 

selective annealing treatment. However, the grain rotations are not expected as the annealing 

temperature is well below (< 1/4th of sintering temperature) the sintering temperatures and 

can only lead to changes in ferroelectric domain configurations.   



63 
 

 PZT and other piezoceramics are reported to exhibit the distinct peak splitting due to 

the size misfit between the A-site and B-site ions which further leads to the variation in 

tetragonality, measured as the lattice parameter ratio between the crystallographic c and a 

direction [Li et al., 2020, Jin 2011, Hoffmann et al., 2008]. In present work, it is found that 

the tetragonality of AP samples decreases from 1.025 for PZT-H to 1.018 for PZT-S (Table 

3.1), and the amount of cubic phase increases marginally from ~ 12% for PZT-H to ~ 13% 

for PZT-S which is also evident from the peak splitting of (001) // (100) planes (for PZT-H) 

and (002) // (200) planes (for PZT-S). The decrease in tetragonality also indicates the 

transition of PZT, albeit slightly, from tetragonal to rhombohedral symmetry [Bijalwan et al., 

2018]. Further, the peak splitting in both the PZTs due to size misfit of A-site and B-site 

cations is analysed using Goldschmidt tolerance (GT) factor (as described Eq. 3) and details 

of which can be found in ref. [Goldschmidt, 1926] 

      𝑮𝑻 =  
(𝑹𝑨+𝑹𝑶)

√𝟐(𝑹𝑩+𝑹𝑶)
        (3) 

Here, 𝑅𝐴, 𝑅𝐵, and 𝑅𝑂 represents the ionic radii of A-site, B-site and O atoms, respectively in 

ABO3 perovskite. The GT values represent the structural changes such as lattice distortions, 

octahedra tilting, and displacement of cations from ideal packing positions [Goldschmidt, 

1926]. The marginal decrease in GT values 0.2% for PZT-H and 0.3% for PZT-S manifests 

the structural disorder in the crystal arising mostly due to the increased contributions from 

multiple cations which replace the A-site and B-site ions. This could be further attributed to 

the relative change in the ionic radii of A-site and B-site cations due to the substitution of 

Pb2+ (1.49 Å) with K+ (1.38 Å) and Ti4+ (0.605 Å) with Al3+ (0.538 Å) in PZT-H and Pb2+ 

(1.49 Å) with La3+ (1.34 Å) and Ti4+ (0.605 Å) with Nb5+ (0.505 Å) in PZT-S which further 

likely to increase the localized distortion in the crystal. This highlights the relative 

importance of the addition of aliovalent dopants on the lattice distortion, which affects the 

domain configurations of the PbZrO3-PbTiO3 perovskites.  

 The representative microstructures of AP, STD and ATD samples of PZT-U, PZT-H 

and PZT-S are shown in Figs. 3.3, 3.4 and 3.5, respectively. The 𝑑𝑎𝑣𝑔 of all the samples 

determined using linear intercept method (following ASTM E112-113) is presented in Table 

3.2. A similar 𝑑𝑎𝑣𝑔 is observed for all the samples indicating the annealing temperatures used 

in the experiments does not influence the grain growth [Kathavate et al., 2018, 2020]. 

Further, the stoichiometric ratios are calculated from EDS mapping of PZT-H and PZT-S, 
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and shown in Figs. A3 and A4 (in Appendix 1) are in agreement with those used in the actual 

synthesis. 
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Fig. 3.2 Representative XRD patterns of AP, STD and ATD samples of (a) PZT-U, (b) PZT-

H and (c) PZT-S. The subscript “R” and “T” represents the rhombohedral and tetragonal 

phase, respectively. 
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Table 3.1 Summary of the XRD results, 𝑑33 and 𝑑33
∗ values obtained for AP, STD and ATD 

samples of PZT-U, PZT-H and PZT-S. 

Material 
Domain 

configuration 

Crystal 

Structure 

Lattice 

parameters, 

a and c (Å) 

Tetragonality 

ratio (c/a) 

𝒅𝟑𝟑 

(pC/N) 

𝒅𝟑𝟑
∗ × 103 

(pm/V) 

PZT-H 

AP Tetragonal 
a = 4.72,  

c = 4.83 
1.025 315±5 18.63±2 

STD Near-cubic 
a = 4.08,  

c = 4.08 
-- 148±3 5.10±1 

ATD Near-cubic 
a = 4.08,  

c = 4.08 
-- 0 0 

PZT-S 

AP Tetragonal 
a = 4.68,  

c = 4.76 
1.018 465±7 195.2±15 

STD Near-cubic 
a = 4.03,  

c = 4.03 
-- 220±5 112.78±7 

ATD Near-cubic 
a = 4.03,  

c = 4.03 
-- 0 0 

PZT-U 

AP Rhombohedral -- -- 90±3 -- 

STD Near-cubic -- -- 38±2 -- 

ATD Near-cubic -- -- 0 -- 

 

Table 3.2 Summary of 𝑑𝑎𝑣𝑔 and H values obtained for AP, STD and ATD samples of PZT-

U, PZT-H and PZT-S. 

Material Domain configuration 𝒅𝒂𝒗𝒈 (µm) 
Nano H (GPa) 

at 𝑷𝒎𝒂𝒙 = 𝟓 𝒎𝑵 

Micro H (GPa) 

at 𝑷𝒎𝒂𝒙 = 𝟐 𝑵 

PZT-U 

AP 1.52±0.19 5.80±0.70 --- 

STD 1.40±0.12 6.50±0.80 --- 

ATD 1.88±0.23 7±0.80 --- 

PZT-H 

AP 1.10±0.15 6.57±0.75 4.15±0.30 

STD 1.68±0.38 7.50±0.60 4.70±0.38 

ATD 2.20±0.40 8.70±0.80 5.10±0.30 

PZT-S 

AP 1.50±0.20 6.57±0.75 4.60±0.28 

STD 1.98±0.35 7.50±0.60 5.40±0.30 

ATD 2.60±0.40 8.70±0.80 5.70±0.32 
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Fig. 3.3 Representative SEM images indicating the microstructures of (a) AP, (b) STD and 

(c) ATD samples of PZT-U.  
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Fig. 3.4 Representative SEM images indicating the microstructures of (a) AP, (b) STD and 

(c) ATD samples of PZT-H.  
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 Fig. 3.5 Representative SEM images indicating the microstructures of (a) AP, (b) STD and 

(c) ATD samples of PZT-S.  
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3.3.2. Effect of annealing on the ferroelectric domain configurations 

Representative PFM phase images of AP, STD and ATD samples of PZT-H and PZT-S are 

displayed in Figs. 3.6 (a, d and g) and Figs. 3.7 (a, d and g), respectively, which indicate the 

presence of switchable ferroelectric domains. Results are interpreted keeping in view of the 

extensive knowledge available in the literature on domain visualization considering the 

following key points: (i) various ferroelectric domains (i.e., “𝑐+”, “𝑐−“ and “𝑎” domains) 

present in the samples are identified from the differences in colour contrast in PFM phase 

images [Miriyala and Ramadurai, 2016, 2018], (ii) two adjacent polarization vectors (i.e. the 

collective response of domains having similar character) in poled samples are vertically 

opposite to each other and show 180° phase difference (i.e., “𝑐+” and “𝑐−“ domains), while 

“𝑎” domains are normal to the “𝑐” domains [Zeng et al., 2004, Kholkin et al., 2007, Sharma et 

al., 2011, Wang and Zeng, 2020] (iii) local domain switching obtained from the SS-PFM 

manifests the changes in piezoelectric amplitude, 𝐴𝑚 vs. bias, 𝑉𝐵 (butterfly loop) and phase, 

𝜃 vs. bias, 𝑉𝐵 (hysteresis loop) curves. Figs. 3.6a and 3.7a show that the AP samples in both 

the PZTs exhibit highly ordered 90° and 180° DW, which is further evident from the 

increased contribution of “𝑐+”, “𝑐−“, and “𝑎” domains as shown in Figs. 3.6b and 3.7b. 

Unlike AP samples, the STD and ATD samples exhibit partially and fully disturbed 

ferroelectric domain structure, respectively, and comprise of high density of mobile 

ferroelectric domains (i.e., non-90° and non-180° DW) as shown in Figs. 3.6(e, h) and 3.7(e, 

h), respectively. It also appears from Figs. 3.6(b, e and h) and 3.7(b, e and h) that the fraction 

of mobile ferroelectric domains in PZT-S are higher than PZT-H which may be attributed to 

the nature of dopants in both the PZTs. The butterfly and hysteresis loops for AP, STD, and 

ATD samples of PZT-H and PZT-S obtained after SS-PFM are shown in Figs. 3.6(c, f and i) 

and 3.7(c, f and i), respectively. The symmetric butterfly loops in AP samples indicate highly 

ordered ferroelectric domain structure, and hence exhibit highest converse piezoelectric 

charge coefficient, 𝑑33
∗ , while asymmetry in butterfly loops of STD and ATD samples is due 

to the perturbed ferroelectric domain structure (owing to the formation of non-90° and non-

180° DW) leading to a decrease in 𝑑33
∗  values (Table 3.1).  

 The hysteresis loops further confirm the switching nature of ferroelectric domains 

through non-90° and non-180° DW during ramp voltage from -10V to +10V. The decrease in 

the size of hysteresis loops in STD and ATD samples also indicate that the perturbed 

ferroelectric domain structure causes transition from piezoelectric (i.e., AP) to paraelectric 

(i.e., ATD) behaviour. All the above observations reveal that randomization of ferroelectric 
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domains increases with an increase in annealing temperature in both the PZTs. Note that, the 

PFM scans are performed over an area of 4 µm2, covering a large number of ferroelectric 

domains, and therefore it can be reasoned that STD samples in both the PZTs still exhibit 

ordered domain structure in some of the grains. 

 

 

Fig. 3.6 Representative PFM phase images, domain quantification plots, and butterfly and 

hysteresis curves of (a-c) AP, (d-f) STD and (g-i) ATD samples of PZT-H, respectively.  

   

 

 

 



72 
 

 

 

Fig. 3.7 Representative PFM phase images, domain quantification plots, and butterfly and 

hysteresis curves of (a-c) AP, (d-f) STD and (g-i) ATD samples of PZT-S, respectively. 
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3.3.3. Analysis of indentation load, P vs. displacement, h curves 

Representative P vs. h curves of PZT-U, PZT-H and PZT-S obtained from nanoindentation 

experiments are shown in Figs. 3.8, 3.9 and 3.10, respectively. The loading curves of all the 

samples are continuous (without any noticeable displacement bursts) indicating that the 

indentation response is from the porosity free regions and the 𝑃𝑚𝑎𝑥 employed are not high 

enough to cause cracking in the material. The H values are computed using O&P method 

[Oliver and Pharr, 1992] from the unloading part of P vs. h curves. The power-law exponent, 

n of the unloading curves (at all indentation loads) is in the range of 1.60 to 1.85 for PZT-U 

and 1.55 to 1.70 for PZT-H and PZT-S, which is in agreement with the literature reports 

[Oliver and Pharr, 1992, 2004, Guillonneau et al., 2012, Prasad and Ramesh, 2019]. Further, 

the unloading curves do not show any pop-outs negating the possibility of pressure-induced 

phase transformation. However, the absence of pop-ins does not always warrant the absence 

of cracks as the recent studies have shown that cracking at the imprint corners is also a 

consequence of relaxation of residual stresses underneath indentation during unloading 

[Schuh, 2006, and Prasad and Ramesh, 2019].  

 

 



74 
 

 

Fig. 3.8 Representative P vs. h curves for (a) AP, (b) STD and (c) ATD samples of PZT-U.  
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Fig. 3.9 Representative P vs. h curves for (a) AP, (b) STD and (c) ATD samples of PZT-H.  
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Fig. 3.10 Representative P vs. h curves for (a) AP, (b) STD and (c) ATD samples of PZT-S. 
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3.3.4. Indentation size effect (ISE) in H 

The average nano and micro-Vickers indentation H values for AP, STD and ATD samples of 

PZT-U, PZT-H and PZT-S are presented in Table 3.2. Clearly, for all the PZTs, H values 

increase with increase in annealing temperature. Further, the H values of PZT-S are higher 

than the PZT-H and PZT-U. The variation of H with respect to 𝑃𝑚𝑎𝑥 in AP, STD, and ATD 

samples of PZT-U, PZT-H and PZT-S is presented in Figs. 3.11(a-c), respectively, which 

clearly shows that H decreases with increasing 𝑃𝑚𝑎𝑥 illustrating indentation size effect (ISE). 

The ISE in H in crystalline metals is attributed to the presence of geometrically necessary 

dislocations (GNDs) whose density increases with an increase in plastic strain gradients 

beneath the indenter (which is more pronounced at low P) [Ma and Clarke, 1995, Nix and 

Gao, 1998]. Quinn and Quinn (1997) have attributed the ISE in ceramics to the fracture 

events taking place during indentation. Recently, Prasad and Ramesh (2019) observed that 

high H at low P in ceramics is mainly due to the onsets of incipient plasticity beneath the 

indenter while low H at high P is because of fracture events occurring underneath the 

indenter.  
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Fig. 3.11 Variation of H with respect to 𝑃𝑚𝑎𝑥 in AP, STD and ATD samples of (a) PZT-U, 

(b) PZT-H and (b) PZT-S indicating the indentation size effect (ISE). The schematics shown 

in the circles represent the differences in domain density, interdomain spacing, and domain 

mobility of AP, STD and ATD samples of PZT-H and PZT-S. 
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 Besides this, limited number of indentation studies on piezoceramic materials, 

particularly on single-crystals have reported that the presence of ISE in contact stiffness is 

mainly due to the existence of strain gradient polarization (flexoelectric effect) [Gharbi et al., 

2009]. Recently, Kathavate and co-workers (2021) (2021) observed that differences in 

ferroelectric domain configurations also have a pronounced effect on the ISE in H of the 

polycrystalline piezoceramics.  

3.3.5. Effect of microstructural features on H of PZT-H and PZT-S 

The maximum penetration indentation depth, ℎ𝑚𝑎𝑥 at 𝑃𝑚𝑎𝑥 = 5 mN for AP, STD, and ATD 

samples of PZT-H and PZT-S is in the range of 160-180 nm (Figs. 3.9 and 3.10), which is ~ 

1/10th of the 𝑑𝑎𝑣𝑔 of all the samples. This shows that the nanoindentation response is likely to 

come from the individual grains. Further, the location of the indentation regions is scanned 

with AFM to ensure that indentations are made in clean regions, on the individual grains. At 

each 𝑃𝑚𝑎𝑥, 20 indentations are performed and the average H is obtained, which shows the 

following trend:  𝐻𝐴𝑇𝐷 >  𝐻𝑆𝑇𝐷 >  𝐻𝐴𝑃 (Table 3.2). Further the H values are within the 

standard deviation ± 8% suggesting that the measurements are within the experimental error. 

Moreover, the highest annealing temperatures (~ 400 °C) used in the experiments are well 

below the sintering temperatures (1200 °C), which also negates the possibility of grain 

growth and grain rotation as a result of annealing as shown in Figs. 3.4 and 3.5.  

 Further, the relative densities, 𝜌𝑟 of all the samples of PZT-H and PZT-S are calculated 

from the experimental and theoretical densities measured by Archimedes principle and unit 

cell volume-weight method, respectively. The 𝜌𝑟 of AP samples of PZT-H and PZT-S is 

estimated to be in the range of 84-88%, while 𝜌𝑟 for annealed samples of both the PZTs is 

found in the range of 86-91%. This marginal difference in 𝜌𝑟 between AP and ATD samples 

is mostly due to the difference in the volume of unit cell (calculated from the lattice 

parameters in Table 3.1). As mentioned above that nanoindentation in this work is likely to 

probe the mechanical response of the individual grains. The H values obtained after making 

the 20 indentations on each sample at different 𝑃𝑚𝑎𝑥 (our observation shows that the 

observed indentation size/depth, h is well below the 𝑑𝑎𝑣𝑔) falls within the standard deviation 

of ±8%, which indicates that the indentations are made in porosity free regions. Therefore, 

the effect of 𝜌𝑟 on the mechanical properties is negligible in this work. However, 𝜌𝑟 could 

play a significant role in case of bulk un-axial tension or compression testing (macro scale) 

and microindentation (as the indentation response comprises of several grains and within 
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porosities). Contrary to this, the PFM analysis shows substantial changes in the ferroelectric 

domain configurations as evidenced from the phase images, amplitude, 𝐴𝑚 vs. bias voltage, 

𝑉𝐵 (butterfly loop), and phase, 𝜃 vs. bias voltage, 𝑉𝐵  (hysteresis) curves presented in Fig. 3.6 

and 3.7. These changes in ferroelectric domain configurations are also reflected in the values 

of direct and converse piezocharge coefficients, 𝑑33 and 𝑑33
∗ , respectively. Based on this, it is 

appropriate to correlate the the observed differences in H values to the differences in 

ferroelectric domain configurations and characteristics behaviour (i.e., “hard” and “soft” vs. 

undoped PZT) rather than to the microstructural features such as 𝑑𝑎𝑣𝑔, porosity and 𝜌𝑟.    

3.3.6. Effect of ferroelectric domain configurations on H and indentation 

fracture toughness, 𝑲𝑰𝑪
𝒊   

The ferroelectric domain configurations have a considerable influence on the mechanical 

behaviour of PZT as they offer resistance to deformation under mechanical loading. Cao and 

Evans (1993) attributed the differences in compressive strength between polycrystalline PZT-

H and PZT-S to the differences in ferroelastic domain switching taking place during the 

deformation. Park et al. (2007), in case of poled single-crystal BT, observed that the “𝑎” 

domains are harder (the difference in H is about 7%) and stiffer than the “𝑐” domains and a 

90° domain switching (i.e., “𝑐−“  and/or “𝑐+” domains become “𝑎” domains and vice-versa) 

takes place during nanoindentation. During loading and unloading cycles of indentation, state 

of stresses continuously changes around and underneath the indentation zone which is 

expected to influence the texture of ferroelectric domains. The elastic strain energy associated 

with the highly ordered ferroelectric domains in AP samples is likely to be accommodated by 

90° switching of ferroelectric domains in the elastic-plastic zone of the indentation which is 

in agreement with the literature studies on poled PZT [Mehta and Virkar, 1990, Webber et 

al., 2009, Seo et al., 2013] (determined indirectly from the concomitant changes in remanent 

strain, 𝜀𝑟 values). This implies that majority of the switched ferroelectric domains cannot 

reorient themselves upon unloading thereby leading to irreversible depolarization [Wong and 

Zeng, 2008, 2010]. Landis, (2003) proposed that the 𝜀𝑟 and coercive stress, 𝜎𝑐 has a marked 

influence on the mechanical behaviour of ferroelectric materials. Marsilius et al. (2010) have 

carried out compression experiments on poled PZT-H and PZT-S samples (in the temperature 

range of 25 to 300 °C) and reported that both 𝜀𝑟 and 𝜎𝑐 decreases with increasing temperature 

primarily due to the increase in back-switching of ferroelastic domains. In present work, the 

STD and ATD samples of PZT-H and PZT-S show respective decrease in 𝜀𝑟 by ~ 60% and ~ 
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76% (for PZT-H), and ~ 43% and ~ 66% (for PZT-S) as compared to AP samples, which is 

also evident from the butterfly loops shown in Figs. 3.6 (f, i) and 3.7 (f, i). Therefore, it can 

be reasoned that the back-switching in STD and ATD samples of PZT-H and PZT-S has 

some obvious effects on the elastic recovery of ferroelastic domains which is expected to 

increase the resistance to the indentation, and hence H in both the PZTs increases upon 

annealing. Similar observations have also been found in various piezoceramics which 

correlates the switching during indentation to the elastic recovery of ferroelastic domains 

[Algueró et al., 2001, and Wong and Zeng, 2008, 2010].  

 The indentation and fracture studies on PZT and Pb-free piezoceramics also show that a 

decrease in 𝜀𝑟 leads to an increase in H and decrease in 𝐾𝐼𝐶
𝑖  [Mehta and Virkar, 1990, Webber 

et al., 2009, Seo et al., 2013, Vögler et al., 2015, Wang et al., 2021]. In present work, similar 

trend is observed, as the obtained 𝐾𝐼𝐶
𝑖  values (at 𝑃𝑚𝑎𝑥 = 20 𝑁) for PZT-H and PZT-S shown 

in Figs. 3.12a and b follows the trend; (𝐾𝐼𝐶
𝑖 )

𝐴𝑃
>  (𝐾𝐼𝐶

𝑖 )
𝑆𝑇𝐷

>  (𝐾𝐼𝐶
𝑖 )

𝐴𝑇𝐷
 within the ±5% 

error limit. This implies ferroelectric domain configurations and ferroelastic activities during 

indentation (i.e., ferroelectric domain switching and back-switching) influences toughening 

mechanisms in piezoceramics. For any given ferroelectric domain configurations, PZT-H 

exhibited slightly higher 𝐾𝐼𝐶
𝑖  values than the PZT-S (within ±5% error limit), which is 

associated the ratio of H and E values (Table 3.3).  

 

Table 3.3 Summary of c, E, H and 𝐾𝐼𝐶
𝑖  values for AP, STD and ATD samples of PZT-H and 

PZT-S (All the reported values are within ±5% error limit). 

Material 
Domain 

configuration 
𝒄 (µm) E (GPa) 

H (GPa) 

at 𝑷𝒎𝒂𝒙 = 𝟐𝟎 𝑵 

𝑲𝑰𝑪
𝒊  

(MPam1/2) 

PZT-H 

AP 56.4±2.8 138 3.92±0.20 0.51±0.02 

STD 59.8±4.5 145 4.44±0.22 0.44±0.02 

ATD 60±2.5 148 4.45±0.24 0.41±0.02 

PZT-S 

AP 63.7±6.2 145 4.38±0.15 0.44±0.02 

STD 72.40±8.3 152 4.45±0.30 0.39±0.19 

ATD 76±5.3 158 4.50±0.20 0.37±0.19 
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Fig. 3.12 Variation of 𝐾𝐼𝐶
𝑖  with respect to different structural states in (a) PZT-H and (b) 

PZT-S (values within ±5% error limit). 
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Mehta and Virkar (1990) and Webber and co-workers (2009) (2013) (2015) have 

reported that the decrease in remanent strain, 𝜀𝑟 and increase in H leads to a decrease in 𝐾𝐼𝐶
𝑖  

values. In present work, annealing is expected to randomize the ferroelectric domains 

resulting in lower 𝜀𝑟 values (as smaller number of highly ordered ferrroelectric domains 

participate in the domain switching process) which leads to a decrease in 𝐾𝐼𝐶
𝑖 . Another 

possible reason which could be partially responsible for the difference in 𝐾𝐼𝐶
𝑖  values of as-

poled and depoled samples in present work is the diffrence in crack size. The respective 

typical crack lengths, “𝑐” for AP, STD and ATD samples are 56.4±2.8, 59.8±4.5 and 60±2.5 

(for PZT-H), and 63.7±8, 72.4±8.2 and 76±5.3 µm (for PZT-S), which further indicates that 

ferroelectric domain structure have a pronounced influence on the crack growth in PZT. 

Similar observations are also reported by Mehta and Virkar (1990) though they did not 

characterize the changes in ferroelectric domain configurations.  

 

Table 3.4 Comparison of the 𝑲𝑰𝑪 values (with ±5 % error) of PZT-H and PZT-S and other 

Pb-based and Pb-free piezoceramics (from the literature) to those obtained in the present 

work. (PZT-S: Soft-PZT, PZT-H: Hard-PZT (doping element)) 

Materials Type (single/ 

poly crystal) 

Technique/ 

Experiment 

𝑲𝑰𝑪 

(MPam1/2)  

Reference 

PZT-S (Nb) Polycrystal 4-point bending 0.70 Glazounov et al. (2001) 

PZT-H (Sr) Polycrystal 4-point bending 0.78 Glazounov et al. (2001) 

NBT Polycrystal 4-point bending 1.27 Glazounov et al. (2001) 

PbNbO3 Polycrystal 4-point bending 0.97 Glazounov et al. (2001) 

PbTiO3 Polycrystal 4-point bending 1.13 Glazounov et al. (2001) 

PMN-PZT Polycrystal 4-point bending 0.85 Glazounov et al. (2001) 

PZT Polycrystal Indentation 0.82 Wang et al. (2021) 

KNN-2BLT-6BZ Polycrystal Indentation 0.72 Wang et al. (2021) 

NBT-6BT Polycrystal Indentation 1.36 Wang et al. (2021) 

PZT (AP) Polycrystal SENB 1.85 Mehta and Virkar (1990) 

PZT (Annealed) Polycrystal SENB 1 Mehta and Virkar (1990) 

BZT-BCT (AP) Polycrystal Tension 0.67 Vögler et al. (2015) 

BZT-BCT (Annealed) Polycrystal Tension 0.54 Vögler et al. (2015) 

PZT-H (K) (AP) Polycrystal Indentation 0.51 Present work 

PZT-H (K) (AP Polycrystal Indentation 0.41 Present work 

PZT-S (La) (AP) Polycrystal Indentation 0.44 Present work 

PZT-S (La) (Anne) Polycrystal Indentation 0.37 Present work 
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 The fracture toughness, 𝐾𝐼𝐶 values obtained via different techniques for various Pb 

and Pb-free piezoceramics are summarized in Table 3.4 and compared with those obtained 

for the PZT-H and PZT-S in present study. The 𝐾𝐼𝐶 values reported for AP and annealed 

samples of soft-doped PZTs using single edge notched beam (SENB) tests are 1.85 and 1 

MPam1/2, respectively [Mehta and Virkar, 1990], indicating the AP samples offer higher 

resistance to crack propagation than the annealed samples which may be associated with 

differences in domain configurations between the two samples. Similar observations are also 

reported by Seo et al. (2013) for compact-tension soft-PZT specimen at room tempreature 

(𝐾𝐼𝐶= 1.10 MPam1/2) and above the Tc (𝐾𝐼𝐶= 0.7 MPam1/2).  

3.3.7. Direct observations of ferroelastic activities in indentation vicinity 

To further explore the nature of ferroelectric domain switching and domain rearrangement, 

PFM is performed in the vicinity of the indentation imprint and also ahead of the crack tip in 

AP sample of PZT-S. Fig. 3.13 presents the Vickers imprint indicating the cracks emanating 

from the corners having crack length, l ~ 63.7±8 µm. The zig-zag path of the crack is an 

indiactive of reistance offered to the crack by the polycrystalline aggregates. PFM 

measurements along and ahead of the crack tip are presented by A to D  and E to H at an 

equal spacing of 4 µm (Fig. 3.14a) and normal to one of the edges of imprint at locations I to 

K. All the locations from A to D and E to H shown in Fig. 3.14a are in-plane orientations 

normal to the poling direction. Owing to the polycrystalline nature of the samples, a 

particular crystallographic direction cannot be ascribed to either of these directions. The 

ferroelectric domain orientation maps corresponding to various locations of Fig. 3.14a are 

shown in Fig. 3.14b, which cleraly illustrate the ferroelectric domain switching process. 

Further, remanent strain, 𝜀𝑟 vs. electric field, 𝐸𝑝 response (butterfly curves) at the specified 

locations (shown in Fig. 3.14a) obtained using PFM are shown in Figs. 3.15(a-c). The 

important observations from these are as follows: (i) The plastic deformation in the severely 

deformed regions around the indentation and near the crack front is accommodated by 

ferroelastic domain switching through non-90° and non-180° DW motion (Fig. 3.14b), (ii) 

Upon the relaxation of indentation stresses, some of the ferroelectric domains ahead of the 

crack tip are likely to reorient (i.e., switch-back effect) due to overcoming of electrical and 

mechanical fields on indentation stresses, and (iii) the 𝑑33
∗  values obtained from the slope of 

amplitude, 𝐴𝑚 vs. bias, 𝑉𝐵 (butterfly loop) curve (Figs. A5(a-c) in Appendix 1) and 𝜀𝑟 are 

found to be maximum near the crack tip (Table 3.5).  
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Fig. 3.13 Representative optical microscope image of Vickers indentation imprint (at 𝑃𝑚𝑎𝑥 =

20 N) on AP sample of PZT-S. 

 

 

(a) 
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Fig. 3.14 (a) Schematic representing the plan of domain imaging around and ahead of the 

indentation crack, (b) representative PFM phase images at various locations as per the scheme 

shown in (a).  

(b) 
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Fig. 3.15 Variation in 𝜀𝑟 with respect to 𝐸𝑝 at various locations around and ahead of the 

indentation crack (a) A to D, (b) E-H and (c) I to K as per the plan shown in Fig. 3.14(a). 

Table 3.5 Summary of the 𝑑33
∗  and 𝜀𝑟 values around and ahead of the indentation crack for 

AP samples of PZT-S as per the scheme shown in Fig. 3.14a. 

Locations 𝒅𝟑𝟑
∗ ×  𝟏𝟎𝟑 (pm/V) (±2 % error) 𝜺𝒓 (%) (±2 % error) 

A 4.28 0.13 

B 8.16 0.20 

C 20.13 0.24 

D 22.84 0.28 

E 3.34 0.13 

F 7.74 0.20 

G 16.8 0.25 

H 22.6 0.28 

I 4.42 0.17 

J 8.14 0.18 

K 12.18 0.25 
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 Piezoresponse Force Microscopy (PFM) probes the local changes in ferroelectric 

domain configurations in piezoceramics unlike bulk characterization techniques such as 

piezometer. The 𝑑33 measured from the piezometer (𝑑33 meter) is an average response of the 

piezoceramic specimens (along the thickness), while 𝑑33
∗  obtained from the PFM is the local 

response of ferroelectric domain configurations and hence differs from one region to the 

other of the samples based on the ferroelectric domain arrangement. Recently, Kathavate and 

co-workers (2021) reported the 𝑑33
∗  values in the undamaged regions of PZT-5H and found to 

be 195.25±15 pm/V (for AP), 112.78+7 pm/V (for STD) and “zero” (for ATD) samples, 

which are comparatively higher than those measured in the vicinity of indentation/damaged 

location in this work. The 𝑑33
∗  values also depend on the magnitude of the applied voltage in 

PFM.  

 In a poled soft-doped PZT, Mehta et al. (1990) and Webber and co-workers (2009) 

(2013) have shown that the applied stress, 𝜎𝑎 > 1.5 times the 𝜎𝑐 cuases 90° domain switching 

resulting in 𝜀𝑟 upto 0.33%. The typical 𝜎𝑐 observed for PZT-5H during compression 

experiments is ~ 50-80 MPa [Webber et al., 2009] (beyond which stress, 𝜎 vs. strain, 𝜀 curve 

progressed nonlinearly). This nonlinearity was primarily attributed to the mechanical field 

induced depolarization in the soft-doped PZT due to ferroelastic domain switching of non-

90° and non-180° DW. Similar observations have been also made by Cao and Evans (1993) 

in case of soft-doped PZT. Further, Ahart et al. (2012), in case of PMN-PT, demostrated the 

pressure-indced phase transformation using high-pressure XRD and high-pressure Raman 

scattering (pressure values ranging from 0.3 to 6 GPa). Their observations revealed the shift 

in Raman spectra with an increase in pressure (upto 5 GPa), indicating the phase change from 

monoclinic symmetry (𝐶𝑚) to rhombohedral symmetry (𝑅3𝑐), while ferroelectric domains 

and DW disappears at the pressure beyond 5 GPa. Recently, Wang et al. (2021) also observed 

the similar phenomenon during the microindentation experiments on some Pb-free 

piezoceramics, stating that the indentation-induced phase transformation occurs in the 

piezoceramics due to ferroelectric domain switching during loading, while reversal of the 

phase transformation takes place upon the realxation of indentation stresses (and ferroelectric 

domains) at the crack tip. However, no microstructural evidence is proposed in relation to 

their hypothesis.  

 It is also worth mentioning here that the mean indentation pressure in this work (~ 6 

GPa at 𝑃𝑚𝑎𝑥 = 20 𝑁), which encompasses both deviatoric and hydrostatic stresses can be 



91 
 

related to the uniaxial strength of the material by Tabor’s approximation [Atkins and Tabor, 

1965]. Although the stress field underneath the indenter during indentation is multiaxial in 

nature (which significantly differs from uniaxial compression), the deviatoric component of 

the indentation stresses are high enough to cause the cracking and depolarization, while the 

hydrostatic pressure can lead to phase transformations in the material [Johnson, 1970 and 

Jang et al., 2005]. Therefore, it can be reasoned that a high degree ferroelastic domain 

switching occurs in the vicinity of PDZ during the crack propagation, which is evident from 

the Fig. 3.14b. Further, we note that the difference in H among the different samples is 

significant particularly at low indentation loads (~ 𝑃𝑚𝑎𝑥 = 9 mN) (Figs. 3.11a-c). The 

maximum penetration depth at 𝑃𝑚𝑎𝑥 = 9 mN is about 200 nm which is much smaller (1/10th 

of) than the 𝑑𝑎𝑣𝑔. So, the response can be completely attributed to the ferroelectric domain 

configurations from a single grain, while the crack length observed in Fig. 3.13 at 𝑃𝑚𝑎𝑥 of 20 

N is ~ 70±10 μm encompasses large number grains (~ 50 grains). Therefore, the resistance 

offered by the grain boundaries to the crack propagation could be one of the reasons for less 

significant difference in 𝐾𝐼𝐶
𝑖  values. This is in agreement with the observations of Reece and 

Guiu (2002), where they demonstrated that the crack-tip activated domain switching 

contributes less than 10% in the toughening of single-crystal PZT. However, other factors 

such as shear strain transformation and creation of new surface (or volume) during 

indentation may predominantly affect the toughening in poled PZT. 

 The ferroelastic domain switching is more predominant when the poling of the material 

is parallel to the loading direction compared to the poling normal to the loading direction 

[Wang et al., 2021, Webber and co-workers, (2009), (2013), (2015)]. In present work, the 

indentation direction is parallel to the poling direction of the material, therefore, it is 

imperative to conclude that the ferroelectric domain switching did occur in PDZ. This can be 

further evidenced from the 𝜀𝑟 values are obtained after domain switching at the locations A 

(~ 0.13%), B (~ 0.20%), C (~ 0.24%) and D (~ 0.28%), which are consistent with the 

literature reported value of ~ 0.33% (obtained during compression test) [Webber and co-

workers, (2009), (2013), (2015)]. Similar trend is also observed at locations E to H and I to K 

(Table 3.5). The 𝑑33
∗  and 𝜀𝑟 values adjacent to crack face and ahead of the crack front (in the 

crack wake zone) leads to the following observations: (i) The ferroelectric domains cannot 

switch back completely to the original state in the regions where crack has passed through 

and (ii) The back switching of ferroelectric domains in the crack wake zone depends on the 

intensity of the stress ahead of the crack tip. Partial switching occurs just ahead of the crack 
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tip, while complete switching occurs farther from the crack tip where the stress intensity 

could be less than 𝜎𝑐. This shows that ferroelectric domain switching is a viable deformation 

mechanisms in poled piezoceramics. 

3.3.8. Role of characteristics behaviour (hard and soft vs. undoped) on H 

The H values of AP, STD and ATD samples of PZT-H and PZT-S are plotted and compared 

with the polycrystalline PZT-U (undoped) are shown in Fig. 3.16. In all the piezoceramics, 

annealed samples exhibit a higher H than the AP samples, suggesting that the randomization 

of ferroelectric domains increases the H. For any given ferroelectric domain configuration, H 

follows the following sequence: 𝐻𝑃𝑍𝑇−𝑆 >  𝐻𝑃𝑍𝑇−𝐻 > 𝐻𝐴𝑃 suggesting that the addition of 

aliovalent dopants leads to an increase in H as they alter the ferroelectric domain 

configurations (as manifested by the increase in 𝑑33 around ~ 200% for PZT-H and ~ 265% 

for PZT-S as compared to the PZT-U shown on Table 3.1) and defect structure.   

Fig. 3.16 Variation of H (from nanoindentation) with different structural states in PZT-U, 

PZT-H and PZT-S. 

 It is reported that PZT piezoceramics exhibit oxygen vacancies when doped with 

aliovalent cations, thereby creating defect dipoles in the material [Damjanovic, 1998 and 

Haertling, 1999]. During annealing, oxygen vacancies tend to diffuse to the DW and 

influence the local electric and elastic energies of ferroelectric domains [Erhart et al., 2013]. 

The orientation of defect dipoles and arrangement of oxygen vacancies in AP, STD, and ATD 
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samples of PZT-H, PZT-S and PZT-U are schematically illustrated in Fig. 3.17a-c, 

respectively. Defect dipoles are presented by , while represents the oxygen vacancies.  

 The defects present at the DW impede their motion during indentation effecting the 

switching phenomenon. The local electro-elastic fields act as a high energy barrier and 

prevent the back switching of ferroelectric domains during unloading. Ren (2004), in case of 

single-crystal BT has shown that defect dipoles and oxygen vacancies particularly influences 

the switching of non-180° ferroelectric domains. Sub and above Tc annealing alters the 

ferroelectric domain orientations through non-90° and non-180° DW (as seen in Figs. 3.6 and 

3.7), and activates the defect dipoles and facilitates oxygen vacancies to diffuse towards DW 

(Fig. 3.17b and c). The pinned DW in STD and ATD samples offer increased resistance to 

indentation loads and also back switching is easier in these samples due to the random 

ferroelectric domain configuration and thus effecting H. Further, the nature of defects present 

in PZT-H and PZT-S samples, also influences the H. 

 The main objective of the present study is to examine the strengthening behaviour in 

PZT-H and PZT-S in light of different ferroelectric domain configurations though the role of 

grain orientation cannot be ruled out. Being transversely isotropic in nature, the 

crystallographic orientation might influence the electro-mechanical properties of piezoelectric 

materials. However, it appears from the H values that the mechanical properties are less 

influenced by the grain orientations as the standard deviation in H obtained at different 

locations of the samples is only ±8% (Table 3.2). In case the H is strongly influenced by the 

orientation of the grains, the differences observed should have been much higher than the 

observations reported in the current study. So, the results presented in this study clearly 

shows that the changes in ferroelectric domain configurations have much more influence on 

the nanomechanical properties than the crystallographic orientations of the grains. 
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Fig. 3.17 Schematic representing the orientation and arrangement of defect dipoles and 

oxygen vacancies in (a) AP, (b) STD and (c) ATD samples of PZT-H, PZT-S and undoped 

PZT. The size, interdomain spacing, defect dipoles and oxygen vacancies increases with 

increase in annealing temperature. 
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3.4. Summary 

In summary, the role of ferroelectric domain configurations on the strengthening and 

toughening behaviour of polycrystalline PZT piezoceramics is investigated. The different 

ferroelectric domain configurations are systematically varied by selectively depoling the 

poled samples below (0.8 Tc) and above (1.2 Tc), the Curie temperature, Tc. Further, the 

ferroelastic activities during the indentation are explored via domain orientation maps in the 

vicinity of the indentation. The important conclusions from the present work can be 

summarized as follows; 

• The degree of ferroelectric domain disorderness increases with increasing annealing 

temperature as the samples annealed at 1.2 Tc exhibits the highest disorder compared 

to the 0.8 Tc depoled and AP samples.  

• The H values of PZT-U, PZT-H and PZT-S increases with increasing degree of 

ferroelectric domain randomization, as in all the PZTs the ATD samples show 

significant improvement in H (~ 20% for PZT-U, ~ 36% for PZT-H and ~ 41% for 

PZT-S) over the AP samples. The reorientation of the ferroelectric domains 

underneath the indenter through non-90° and non-180° DW appears to be an 

important reason for increased resistance to indentation. 

• In all the samples, the H decreases with increasing P showing strong ISE and complex 

interplay of ferroelectric domain reorientations, and DW interactions appear to be an 

important reason for the observed ISE in polycrystalline PZT piezoceramics.  

• Besides strengthening behaviour, ferroelectric domain configurations also have a 

pronounced influence on toughening in PZT piezoceramics. 

• The ferroelectric domain orientation maps obtained in the vicinity of the indentation 

reveals the indentation induced domain switching and rearrangement (back-switching) 

are the viable toughening mechanisms in polycrystalline PZT piezoceramics. This is 

further rationalized using 𝑑33
∗  and 𝜀𝑟 values obtained aside and ahead of the crack 

front. 

• Doping of aliovalent cations alters the ferroelectric domain configuration and defect 

structures, which appears to be an important reason for improving the H of PZT. 
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CHAPTER 4 

Analysis of indentation size effects (ISE) in nanoindentation hardness of 

polycrystalline piezoceramics with different ferroelectric domain 

configurations 

Abstract: This chapter presents the role of different ferroelectric domain configurations on 

the mechanistic modelling of indentation size effect (ISE) in nanoindentation hardness, H of 

the polycrystalline piezoceramics. Hardness values are obtained at various indentation loads 

on PMN-PT, PZT-H, and PZT-S piezoceramics having different ferroelectric domain 

configurations. It has been observed the hardness of all the samples decreases with increasing 

indentation load (vis-à-vis indentation size) which is known as ISE. The observed ISE is then 

analyzed using classical Meyer’s law, proportion specimen resistance (PSR) model and 

modified PSR model. The origins of ISE are discussed in detail in light of the differences in 

ferroelectric domain configurations1.  

 

4.1.  Introduction 

The microstructural features at different length scales (i.e., grain size from µm scale to nano 

assembled domains at nm scale) control the structural properties of piezoceramics. Therefore, 

a thorough investigation of mechanical, electrical, microstructural properties and the 

reliability of the components produced by these materials are essential before deploying them 

for specific applications. In the past, deformation behaviour of the piezoceramics from the 

microstructural point of view had been a subject of frequent studies [Cao and Evans, 1993, 

Wong and Zeng, 2010], though some distinctive mechanical properties such as hardness, 

fracture toughness, and ductility of these piezoceramics are not very well understood. Of all 

these mechanical properties, indirect estimation of materials strength through indentation 

hardness, H is perhaps easier one due to the following; (i) it gives fast estimation to the 

material’s resistance to plastic deformation, (ii) require a small volume of test material, and 

(iii) hardness measurement through indentation is non-destructive because the impressions 

 
1 The work presented in this chapter is based on the following publications: 

[1] V.S. Kathavate, B. Praveen Kumar, I. Singh, K. Eswar Prasad (2021), Analysis of indentation size effect (ISE) 
in nanoindentation hardness in polycrystalline PMN-PT piezoceramics with different domain configurations, 
Ceram. Int., 47(09) 11870-11877. 

[2] V.S. Kathavate, H. Sonagara, B. Praveen Kumar, I. Singh, K. Eswar Prasad (2021), Role of domain 
configurations on the mechanistic modelling of indentation size effects (ISE) nanohardness of hard and soft 
PZT piezoceramics, Int. J. Adv. Engg. Sci. Appl. Math., 13(1) 63-78. 
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(particularly at lower indentation loads) are limited to a very small area of the material. 

However, one of the downsides of the hardness testing method is estimating true hardness 

because H varies with the indentation size or load. This size dependence of H is often 

referred to as the indentation size effect (ISE). The ISE in crystalline materials is commonly 

attributed to the geometrically necessary dislocations (whose density increases at high plastic 

strain gradients, particularly at lower indentation loads) [Nix and Gao, 1998, Lim and 

Chaudhri, 2007, Swadener et al., 2002 ], shape and geometry of indenter tip, high dislocation 

nucleation stresses, [Gane and Cox, 1970, Tarkanian et al., 1973], elastic-plastic nature of the 

material [Spary et al., 2006], and work hardening characteristics of the material [O’Neill, 

1934]. Apart from the above mechanisms, ISE in piezoceramics can also be influenced by the 

nature of ferroelectric domains, their orientation, dipole movement, and flexoelectric effect 

arising due to the strain gradient polarization.   

 Several studies have been conducted in the past to understand the origins of ISE in 

ceramics using mechanistic models, which typically includes classical Meyer’s approach [Li 

and Bradt, 1993, Quinn and Quinn, 1997], Hays-Kendall (H-K) model [Hays and Kendall, 

1973], elastic recovery (ER) model [Tarkanian et al., 1973], energy-balance approach (EBA) 

[Li and Bradt, 1993, Fröhlich et al., 1977], proportion specimen resistance (PSR) model, and 

modified proportion specimen resistance (mPSR) model [Li and Bradt, 1993, Quinn and 

Quinn, 1997]. All these models use simple mathematical equations to describe the 

experimental data and explain the physics of deformation using the fitting parameters. 

However, there are limited studies discussing the ISE in nanohardness in piezoelectric 

materials [Schneider et al., 2005, Scholz et al., 2007, Park et al., 2007, Gharbi et al., 2009] 

[Gharbi et al., 2009]. For instance, Schneider, Park and co-workers (2005) (2007) studied the 

role of ferroelectric domain switching and domain rearrangements beneath the indenter on the 

H and elastic modulus, E of single-crystal BT during the nanoindentation experiments. 

Further, Gharbi et al. (2009), in the case of  BT single-crystal piezoceramics, observed the 

ISE in contact stiffness which is attributed to the flexoelectric component that arises mainly 

due to coupling between strain gradient and polarization. Recent nanoindentation 

experiments on piezoceramics show that all the piezoceramics exhibit ISE, and further, the H 

shows a strong dependence on ferroelectric domain configurations [Kathavate et al., 2020, 

Kathavate et al., 2018]. Though the difference in H is attributed to the nature of ferroelectric 

domain configurations and their interactions, the dependence of ISE on ferroelectric domain 

configurations is still needed to be investigated in detail. Therefore, it would be interesting to 
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examine the validity of the analytical models to explain the origins of ISE in piezoceramics 

having different ferroelectric domain configurations or structural states. 

 In view of the above, the objective of the current study is to examine the origins of ISE 

in polycrystalline PMN-PT, PZT-H and PZT-S piezoceramics having different ferroelectric 

domain configurations using various mechanistic models. 

4.2. Experimental Procedure 

4.2.1. Materials and Ferroelectric Domain Configurations 

The test materials preferred for the present work are the polycrystalline solid solutions of lead 

magnesium niobate-lead titanate (PMN-PT), hard-doped lead zirconate titanate (PZT-H), and 

soft-doped lead zirconate titanate (PZT-S) synthesized via a conventional solid-state reaction 

route. The details about synthesis, fabrication, poling process and technique for obtaining the 

different ferroelectric domain configurations in PMN-PT, PZT-H and PZT-S piezoceramics 

are mentioned in detail in previous chapter 2 and 3, respectively. 

4.2.2. Nanoindentation experiments 

The nanomechanical properties of AP, STD and ATD samples of PMN-PT, PZT-H and PZT-

S are determined by performing quasi-static nanoindentation experiments with three-sided 

pyramidal Berkovich diamond indenter using Bruker Hysitron TI nanoindenter. The tip area 

function, 𝐴𝑐 is calibrated using a standard fused silica sample by making about 100 

indentations at different loads. All the experiments are performed under load control mode in 

the load range of 1 to 5 mN at constant loading and unloading rates (0.1 mN/s). In order to 

obtain statistically significant data, 20 indentations are made at each indentation load. The 

distance between successive indents is maintained at least ten times the maximum penetration 

depth to minimize the strain field interactions. The H values are determined using Oliver and 

Pharr (O&P) method [Oliver and Pharr, 1992] according to equation 1; 

     Hardness,    𝑯 =
𝑷𝒎𝒂𝒙

𝟐𝟒.𝟓𝒉𝒄
𝟐      (1) 

Here, 𝑃𝑚𝑎𝑥  specifies the maximum indentation load and ℎ𝑐 represents the vertical distance 

along which the contact is made between Berkovich tip and specimen (Fig. 1.15a and b in 

Chapter 1), also known as indentation size. Fig. 1.15a (in Chapter 1) presents a graphical 

representation of the quantities used in nanoindentation data analysis on load, P vs. 
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displacement, h scale. The O&P method considers the sink-in effects in the materials during 

nanoindentation and estimates the corrected hc according to eq. 2; 

      𝒉𝒄 =  𝒉𝒎𝒂𝒙 − 𝜷
𝑷𝒎𝒂𝒙

𝑺
      (2) 

where, ℎ𝑚𝑎𝑥  specifies the maximum penetration depth, β is the constant which depends on 

indenter geometry (has an empirical value of 0.75 for Berkovich indenter), and S is the 

stiffness obtained from the slope of the unloading curve (eq. 3) which obeys a power-law 

relation (eq. 4) 

      𝑺 =
𝒅𝑷

𝒅𝒉
=

𝟐

√𝝅
𝑬𝒓𝒆𝒅√𝑨𝑷                                                 (3) 

      𝑷 = 𝑪 (𝒉 − 𝒉𝒇)
𝒎

                            (4) 

where, 𝐴𝑝 and 𝐸𝑟𝑒𝑑 specifies the projected area of elastic contact and reduced elastic 

modulus, respectively, while C and m specify the empirically determined power-law 

coefficient and index, respectively, ℎ𝑓 represents the final penetration depth after complete 

removal of 𝑃𝑚𝑎𝑥  and h is the penetration depth. It is worth mentioning here that only A, m and 

ℎ𝑓  are evaluated by curve fitting. 

4.3. Results and Discussion 

4.3.1. Analysis of P vs. h curves and H of different ferroelectric domain 

configurations 

Representative P vs. h responses of AP, STD and ATD samples are presented in Fig. 2.4 (in 

chapter 2 for PMN-PT) and Figs. 3.9 and 3.10 (in chapter 3 for PZT-H and PZT-S, 

respectively). The loading part of P vs. h curves overlap with each other for all the samples, 

indicating a high level of reproducibility. Further, the loading and unloading curves do not 

show any noticeable pop-in and pop-out events even at 𝑃𝑚𝑎𝑥   = 5 mN ruling out the 

possibility of crack formation and pressure-induced phase transformation during the 

indentation, if any. The area function, 𝐴(ℎ𝑐) calibration curve is presented in Fig. A6 in 

Appendix 1, indicating the best polynomial fit with a high correlation coefficient (R2 ~ 1) and 

negating the uncertainties related to tip blunting and deviation from the ideal geometry of the 

indenter, if any. The variation in H as a function of ℎ𝑐 for AP, STD and ATD samples of 

PMN-PT, PZT-H and PZT-S is shown in Figs. 4.1 a, b and c, respectively, which clearly 

shows ISE in H, where H decreases with increase in ℎ𝑐 in all the materials. Interestingly, in 
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PMN-PT, H increases with an increase in ℎ𝑐 (particularly at lower ℎ𝑐) irrespective of the 

domain configurations, indicating the reverse indentation size effects (RISE).  

  The possible reasons for the RISE in PMN-PT below a certain critical indentation size, 

ℎ𝑐𝑟𝑖𝑡 is attributed to the deformation confined only to particular slip systems due to the plastic 

anisotropy and indentation induced cracking (IIC) [Li and Bradt, 1996 and Sangwal, 1989, 

2000]. However, the indentation imprints do not show any evidence of cracking in the 

vicinity of indentation, indicating that the IIC is not suitable for explaining RISE. Therefore, 

it can be reasoned that the observed RISE could be due to the surface irregularities generated 

during the sample preparation. It also appears from the Fig. 4.1a that critical indentation size, 

ℎ𝑐𝑟𝑖𝑡 at which the transition from RISE to ISE occurs is almost similar for AP, STD and ATD 

samples of PMN-PT. The possible mechanisms of ISE in H in crystalline metals are 

attributed to the presence of strain gradient beneath the indenter [Nix and Gao, 1998, Lim and 

Chaudhri, 2007, Swadener et al., 2002, Prasad and Ramesh, 2019], grain boundary 

strengthening effects [Nix and Gao, 1998], the surface free energy of the material [Jäger, 

2004], while ISE in polycrystalline ceramics, in addition to the above, is also attributed to the 

fracture taking place underneath indentation [Quinn and Quinn, 1997]. 
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Fig. 4.1 Variation of nanoindentation H with respect to ℎ𝑐 for AP, STD and ATD samples of 

(a) PMN-PT, (b) PZT-H, and (c) PZT-S piezoceramics. All the materials exhibit typical ISE 

in H. 
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 However, the limited number of studies, particularly on single-crystal PZT and BT, 

suggest that the ISE in piezoceramics can be related to the distinct pop-in events occurring 

mainly due to ferroelectric DW motion beneath the indenter [Hurtado-Macias et al., 2008] 

and strain gradient polarization (flexoelectric effect) underneath the indentation [Gharbi et 

al., 2009]. Besides this, Schneider and co-workers (2005) have demonstrated the role of local 

ferroelectric domain rearrangements (e.g., domain switching mechanisms) taking place in the 

indentation zone on the indentation behaviour of single-crystal BT. Further, Kathavate and 

co-workers (2018) (2020) highlighted the role of differences in ferroelectric domain 

configurations on the ISE in H of some polycrystalline Pb-based and Pb-free piezoceramics. 

All the above observations construed the fact that dislocation activities and ferroelectric 

domain rearrangements beneath the indenter are the primary sources of ISE in piezoceramic 

materials. Note that the ℎ𝑚𝑎𝑥  at 𝑃𝑚𝑎𝑥 in all the samples is in the range of ~ 150-200 nm, 

which is nearly an order of magnitude smaller than 𝑑𝑎𝑣𝑔 indicating that the hardness response 

most probably comes from an individual grain. Based on this, it can be construed that RISE 

and ISE in H are mostly from an individual grain which further suggests that H is dependent 

on the indentation size rather than the grain size. 

 It is also evident from Fig. 4.1 that for PMN-PT, the H follows the following trend: 

𝐻𝑆𝑇𝐷  >  𝐻𝐴𝑇𝐷  >  𝐻𝐴𝑃, while for both the PZT, H follows the trend: 𝐻𝐴𝑇𝐷  >  𝐻𝑆𝑇𝐷  >  𝐻𝐴𝑃, 

which is attributed to the differences in ferroelectric domain configurations and also the 

domain switching mechanisms taking place in respective materials underneath the 

indentation. The ferroelectric domains in AP samples are perfectly aligned (i.e., highest 

piezoelectric effect) by forming 90° and 180° DW, while ferroelectric domains in STD and 

ATD samples show significant disorderness by reorienting through non-90° and non-180° 

DW (i.e., lowest piezoelectric effect) as shown in Figs. 3.6 and 3.7 in previous chapter 3. 

Upon indentation, the ferroelectric domains in AP samples are likely to exhibit switching 

through 90° DW, which further minimizes the elastic strain energy associated with them. 

This minimization of elastic strain energy can be intimately related to the reduction in the 

driving force for the elastic recovery of ferroelectric domains, which eventually offers less 

resistance to the indentation. In fact, Park and Dicken (2007) demonstrated the formation of 

90° DW during the nanoindentation of single-crystal BaTiO3. However, non-90° and non-

180° DW formation during indentation in STD and ATD samples cause irreversible 

depolarization in the material [Wong and Zeng, 2010], which further increases the domain 

mobility and offers more restrictions on switching of ferroelectric domains at grain 
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boundaries. Furthermore, the onset of fracture in piezoceramic materials is attributed to the 

intergranular residual stresses [Sun et al., 2012], which may arise due to the lattice strain 

incompatibilities during ferroelectric domain switching. Upon annealing, ferroelectric domain 

relaxation is expected to occur due to the relaxation of intergranular residual stresses, which 

eventually delays the onsets of plastic deformation. Therefore, disturbed domain structure in 

STD and ATD samples shows increased resistance to the indentation, which further appears 

to increase H. 

 Among both the PZTs, PZT-S exhibits slightly higher H compared to the PZT-H due to 

the closely spaced ferroelectric domain structure (Figs. 3.6 and 3.7 in chapter 3), which is 

corroborated by the observations of Cao and Evans (1993), who have attributed the high 

strength in the case of PZT-S samples to the differences in ferroelastic domain configurations 

and domain switching during compression experiments. In the subsequent sections, ISE in H 

of PMN-PT, PZT-H and PZT-S are examined in detail using various mechanistic models for 

the improved understanding of the role of various ferroelectric domain configurations. 

4.3.2. Assessment of nanoindentation data: Mechanistic modelling of ISE 

4.3.2.1. Meyer’s Law and Hays-Kendall (H-K) model 

The ISE has been conventionally described by the relation between P and ℎ𝑐 given below, 

and sometimes referred to as Meyer’s law [Lysaght, 1949, McColm, 1990]; 

             𝑷 = 𝜶𝒉𝒄
𝒏       (5) 

where "𝑛" refers to Meyer’s index and/or exponent, which quantifies the degree of ISE, while 

the proportionality constant, 𝛼 with a unit mN/nmn, represents the material’s resistance to the 

initial plastic deformation. The nanoindentation data for all the samples of PMN-PT, PZT-H 

and PZT-S is plotted on 𝑙𝑛 𝑃𝑚𝑎𝑥 vs. 𝑙𝑛 ℎ𝑐 scale in Figs. 4.2(a-c), respectively indicating the 

linear relationship with good regression values (R2 ~ 0.9999), which also suggests that the 

conventional Meyer’s law very well captures the ISE in PMN-PT, PZT-H and PZT-S. The 

best fit values of "𝑛" and 𝛼 are summarized in Table 4.1. The "𝑛" values are in the range of 

1.2 to 1.9 for PMN-PT and 1.40 to 1.63 for PZT-H and PZT-S, which is in concurrence with 

the reported literature values ~ 1-2 [Li and Bradt, 1993, Quinn and Quinn, 1997, Lysaght, 

1949, McColm, 1990]. 
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Fig. 4.2 Representative plots of 𝑙𝑛 𝑃𝑚𝑎𝑥 vs. 𝑙𝑛 ℎ𝑐 data according to Meyer’s model for AP, 

STD and ATD domain configurations of (a) PMN-PT, (b) PZT-H, and (c) PZT-S, and (d) 

variation in Meyer’s index,"𝑛" with respect to different structural states of PMN-PT, PZT-H 

and PZT-S. 
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 The previous studies indicated that the curvature of the size effects curve (i.e., H vs. ℎ𝑐 

curve) has a marked dependency on "𝑛"  values, as at 𝑛 = 2, H vs. ℎ𝑐 curve exhibits a flat 

line indicating that the H is size-independent, while for 𝑛 < 2, H decreases with an increase 

in ℎ𝑐 (representing ISE), as shown schematically in Fig. A7 in Appendix 1 [Tate, 1945, 

Sargent, 1978, 1984, Babini et al., 1978, Sangwal, 1989, 2000, Li and Bradt, 1993, Kim and 

Kim, 2002]. Further, the presence of RISE (i.e., increase in H with an increase in ℎ𝑐) can be 

seen when 𝑛 > 2 [Sangwal, 1989, 2000]. The relationship between "𝑛" and 𝛼 has been a 

subject of frequent studies in Meyer’s law. For instance, Sargent and Babini and co-workers 

(1978) (1984) have studied the role of 𝑑𝑎𝑣𝑔 (in the range of 10 µm to 100 µm) on "𝑛" and 𝛼 

using micro-indentation experiment on polycrystalline ceramics and observed that "𝑛"  

decreases with an increase in 𝑑𝑎𝑣𝑔, while 𝛼 values also increase. However, in the current 

study, the dependence of "𝑛" values on 𝑑𝑎𝑣𝑔 is minimal as the ℎ𝑚𝑎𝑥  is much smaller than the 

𝑑𝑎𝑣𝑔. Further, due to the similar 𝑑𝑎𝑣𝑔 in all the samples within the standard deviation, the 

difference in "𝑛"  values among different samples are intimately connected to the differences 

in ferroelectric domain configurations. Fig. 4.2d represents the variation of "𝑛"  with different 

ferroelectric domain configurations in PMN-PT, PZT-H and PZT-S, which further indicates 

the following trend: 𝑛𝐴𝑃 >  𝑛𝐴𝑇𝐷 >  𝑛𝑆𝑇𝐷 for PMN-PT and 𝑛𝐴𝑃 >  𝑛𝑆𝑇𝐷 >  𝑛𝐴𝑇𝐷 for PZT-H 

and PZT-S. The possible reasons for this are attributed to the changes taking place in the 

ferroelectric domain configurations during the annealing, and the high H values in annealed 

samples can also be further related to the lower "𝑛" values, which is in agreement with the 

previous studies [Sargent, 1978, 1984, Babini et al., 1978, Li and Bradt, 1993, Kim and Kim, 

2002]. 

 Unlike Meyer’s law which uses the 𝑃𝑚𝑎𝑥 to describe the ISE, Hays and Kendall (1973) 

developed a model known as Hays-Kendall (H-K) model which considers the effective 

indentation load, 𝑃𝑒𝑓𝑓 to describe the ISE. The 𝑃𝑒𝑓𝑓is obtained by subtracting the minimum 

test load, 𝑃𝑚𝑖𝑛 from 𝑃𝑚𝑎𝑥, where 𝑃𝑚𝑖𝑛 is the minimum test load below which the material 

does not undergo permanent deformation. The 𝑃𝑚𝑖𝑛 in H-K model can be intimately related 

to the microfriction between the indenter and contact surface Gane and Bowden (1968). 

According to the H-K model, the 𝑃𝑒𝑓𝑓 is related to the ℎ𝑐  as; 

              𝑷𝒆𝒇𝒇 = (𝑷𝒎𝒂𝒙 − 𝑷𝒎𝒊𝒏) = 𝑩𝒉𝒄
𝟐                      (6) 
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Table 4.1 Summary of the descriptive parameters obtained from Meyer’s law and H-K model 

for all the samples of PMN-PT, PZT-H and PZT-S piezoceramics.  

Materials Structural 

state 
Meyer’s law Hays-Kendall model 

𝑛 
𝛼 ×10-3 

(mN/nmn) 
R2 𝑃𝑚𝑖𝑛 (mN) 

B × 10-3 

(mN/nm2) 
R2 

PMN-PT 

AP 1.96±0.04 0.35 0.9999 0.30±0.02 2.27 0.9993 

STD 1.16±0.12 0.53 0.9999 0.53±0.01 2.68 0.9999 

ATD 1.88±0.08 0.37 0.9998 0.45±0.01 2.47 0.9999 

PZT-H 

AP 1.63±0.07 1.27 0.9997 0.33±0.01 1.90 0.9998 

STD 1.55±0.04 2.38 0.9999 0.48±0.02 2.16 0.9999 

ATD 1.53±0.03 2.43 0.9998 0.50±0.05 2.56 0.9999 

PZT-S 

AP 1.46±0.02 4.34 0.9989 0.34±0.03 1.81 0.9996 

STD 1.41±0.02 4.82 0.9993 0.50±0.02 2.27 0.9998 

ATD 1.40±0.03 4.90 0.9997 0.57±0.04 2.44 0.9999 

 

 The plots of 𝑃𝑚𝑎𝑥 vs. ℎ𝑐
2 for AP, STD and ATD samples of PMN-PT, PZT-H and PZT-

S showed in Figs. 4.3(a-c), respectively reflect the best fitting of the nanoindentation data 

with high correlation coefficients (R2 ~ 0.9999). The values of 𝑃𝑚𝑖𝑛 and B are obtained from 

the linear fitting of 𝑃𝑚𝑎𝑥 vs. ℎ𝑐
2 data are summarized in Table 4.1, which further indicate that 

the 𝑃𝑚𝑖𝑛 values are much lower than the minimum indentation load (i.e., 1 mN) used in the 

current experiments. This also suggests that all the samples of PMN-PT, PZT-H and PZT-S 

piezoceramics exhibit 𝑃𝑚𝑖𝑛 values where the behaviour of the material is elastic. Also, the 

𝑃𝑚𝑖𝑛 values are found to be higher in STD samples in PMN-PT, while in PZT-H and PZT-S, 

ATD samples exhibit higher 𝑃𝑚𝑖𝑛 suggesting a higher resistance to the plastic flow offered by 

them. We further note that Meyer’s index, "𝑛" and exponent, B of ℎ𝑐 in the H-K model (i.e., 

“2”) are two different quantities. The first one characterizes the size effects curve, while the 

later one is the empirical constant in the power-law series [Fröhlich et al., 1977]. Therefore, 

any attempt to correlate the "𝑛" values with the exponent, B of ℎ𝑐 in the H-K model is 

inappropriate. Both Meyer’s law and H-K model do not distinguish the difference between 

load-dependent and independent H, although they quantify the ISE by means of fitting 

parameters.  
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Fig. 4.3 Representation of the Hays-Kendall model on the plots of 𝑃𝑚𝑎𝑥 vs. ℎ𝑐
2 for AP, STD 

and ATD samples of (a) PMN-PT, (b) PZT-H, and (c) PZT-S. 

 

4.3.2.2. Elastic Recovery (ER) model 

The elastic recovery (ER) model considers that the ℎ𝑐  decreases upon the removal of 𝑃𝑚𝑎𝑥 

due to the elastic recovery (or shortening) in the vicinity of the indentation impression. These 

changes in the ℎ𝑐 due to the elastic recovery, if not taken into consideration, overestimate the 

H values. Therefore, the corrections in ℎ𝑐  can decouple the true hardness of the material from 

apparent or machine hardness. The ER model connects the 𝑃𝑚𝑎𝑥 to ℎ𝑐 and corrections in 

indentation size, ℎ𝑐
∗ as; 

                 𝑷𝒎𝒂𝒙
𝟏/𝟐

= 𝜸𝟏/𝟐𝒉𝒄 + 𝜸𝟏/𝟐𝒉𝒄
∗                                           (7) 

 The linear fitting of 𝑃𝑚𝑎𝑥
1/2

 vs. ℎ𝑐  data for AP, STD and ATD samples of PMN-PT, PZT-

H and PZT-S (Figs. 4.4a-c) reflects the high regression coefficient (R2 ~ 0.9999) and the best 

fit values of descriptive constant, γ and ℎ𝑐
∗ are compiled in Table 4.2. The ℎ𝑐

∗ (as shown in 

Table 4.2) is much lower than the actual ℎ𝑐 for all the samples of PMN-PT, PZT-H and PZT-

S. For ex., the ℎ𝑐
∗ of AP sample of PZT-H is 0.19 nm which is approximately 400 times lower 



110 
 

than the experimentally recorded ℎ𝑐 (74.14 nm), and therefore rules out the possibility of tip 

blunting effect and confirms the validity of nanoindentation experiments.  
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Fig. 4.4 Dependency of ℎ𝑐  on 𝑃𝑚𝑎𝑥
1/2

 according to the ER model for AP, STD and ATD 

samples of (a) PMN-PT, (b) PZT-H and (c) PZT-S piezoceramics.  

 The STD samples in PMN-PT exhibit the higher ℎ𝑐
∗ values, while ATD samples in both 

the PZTs show a higher ℎ𝑐
∗ values compared to AP configurations, suggesting higher elastic 

recovery of the material. The ferroelectric domains in annealed samples tend to split by 

forming non-180º and non-90º DW because of high domain mobility. The reduced energy 

barrier due to thermal annealing likely to impede the ferroelectric domain switching process 

in annealed samples during indentation. Therefore, the formation of such DW offers more 

resistance to the plastic deformation due to reorientation during indentation, which can be 

intimately connected to their elastic recovery. The load-dependent true hardness, (𝐻1) from 

the ER model can be calculated as; 

                                                               (𝑯𝟏) =
𝜺𝑷𝒎𝒂𝒙

(𝒉𝒄+𝒉𝒄
∗)𝟐               (8) 

where “ε” represents the constant related to the geometry of the indenter and has an 

empirical value of 0.04 for the Berkovich tip. Further, the descriptive constant γ from eq. 7 is 

related to the plastic deformation in the material and often associated with load-independent 

true hardness (𝐻2); 

            (𝑯𝟐) = 𝜷𝜺      (9) 
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Table 4.2 Summary of the descriptive parameters and true hardness values obtained from the 

ER model for all the samples of PMN-PT, PZT-H and PZT-S piezoceramics. ((𝐻1)- Load-

dependent hardness, (𝐻2)- Load-independent hardness). 

Materials Structural 

state 
Elastic recovery model 

ℎ𝑐
∗ (nm) 

𝛾 ×10-4 

(mN/nm2) 
R2 𝐻1 (GPa) 𝐻2 (GPa) 

PMN-PT 

AP 0.19±0.01 1.49 0.9998 3.10±0.50 2.98 

STD 0.29±0.03 1.77 0.9999 4.94±0.38 4.90 

ATD 0.21±0.02 1.69 0.9998 3.94±0.45 3.65 

PZT-H 

AP 0.19±0.03 1.57 0.9993 6.36±0.70 6.44 

STD 0.33±0.08 1.89 0.9998 7.37±0.62 7.50 

ATD 0.34±0.02 1.94 0.9998 7.84±0.58 7.99 

PZT-S 

AP 0.35±0.01 1.71 0.9999 6.84±0.78 6.97 

STD 0.38±0.02 1.82 0.9998 7.42±0.60 7.46 

ATD 0.44±0.01 1.99 0.9999 8±0.80 8.14 
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Fig. 4.5 Representation of typical ISE in true hardness values for AP, STD and ATD samples 

of (a) PMN-PT, (b) PZT-H and (c) PZT-S piezoceramics according to the ER model. ((𝐻1)- 

Load-dependent hardness, (𝐻2)- Load-independent hardness). 
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 The 𝐻1 and 𝐻2 values for AP, STD and ATD samples of PMN-PT and both the PZTs 

are summarized in Table 4.2. It appears that the 𝐻1 values of all the samples of PMN-PT, 

PZT-H and PZT-S are comparable to the H values (Figs. 4.2a-c) and also exhibit the RISE 

and ISE shown in Figs. 4.5a-c. Interestingly, Maiti et al. (2018) have observed a higher 𝐻1 

values than the H indicating the overestimation of ℎ𝑐
∗ values at higher P (from 100 to 1000 

mN), and therefore limiting the applicability of the ER model. Further, the errors introduced 

due to the tip roundness and blunting effect are not the only sources of ISE.  

4.3.2.3. Proportion specimen resistance (PSR) model 

The Proportion specimen resistance (PSR) model, proposed by Li and Bradt (1993), is an 

alternative approach to describe the ISE in crystalline materials according to which the 𝑃𝑚𝑖𝑛 

from the H-K model [Hays and Kendall, 1973] is not constant but depends on ℎ𝑐 according to 

the eq. 10 [Li and Bradt, 1993]; 

                                                              𝑷𝒎𝒊𝒏 = 𝜶𝟏𝒉𝒄             (10) 

Further, the relation between 𝑃𝑒𝑓𝑓 and ℎ𝑐 in a PSR model is expressed as; 

                                                                          𝑷𝒆𝒇𝒇 = (𝑷𝒎𝒂𝒙 − 𝑷𝒎𝒊𝒏) =  𝜶𝟐𝒉𝒄
𝟐                                         (11) 

where the descriptive parameters 𝛼1 (mN/nm) and  𝛼2 (mN/nm2) are related to the elastic 

stiffness and plastic deformation of the material, respectively [Li and Bradt, 1993]. Equation 

11 can be further simplified as; 

                                                                 
𝑷𝒎𝒂𝒙

𝒉𝒄
= 𝜶𝟏 + 𝜶𝟐𝒉𝒄             (12) 

which yields a straight line fit when 𝑃𝑚𝑎𝑥/ℎ𝑐  is plotted against ℎ𝑐  with a high correlation 

coefficient (R2 ~ 0.9999) as shown in Figs. 4.6a-c. The values of 𝛼1 and  𝛼2 summarized in 

Table 4.3 suggest that the PSR model is suitable to describe the ISE in all the domain 

configurations of PMN-PT, PZT-H and PZT-S. The studies of Fröhlich et al. (1977) and 

Quinn and Quinn (1997) using energy balance approach indicated that 𝛼1 represents the 

surface energy generated during the indentation (due to the creation of new surfaces), while 

 𝛼2 is the measure of the plastic deformation produced per unit volume. This further implies 

that the 𝛼1 and  𝛼2 are the material-dependent parameters rather than the surface properties. 
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Table 4.3 Summary of the descriptive parameters and true hardness values obtained from the 

PSR model for all the samples of PMN-PT, PZT-H and PZT-S piezoceramics. ((𝐻1)- Load-

dependent hardness, (𝐻2)- Load-independent hardness). 

Materials Structural 

state 
Proportion specimen resistance (PSR) model 

𝛼1×10-3  

(mN/nm) 

 𝛼2 ×10-3 

(mN/nm2) 
R2 𝐻1 (GPa) 𝐻2 (GPa) 

PMN-PT 

AP 1.41±0.22 0.20 0.9997 2.85±0.40 2.85 

STD 11.09±0.38 0.34 0.9999 4.82±0.38 4.82 

ATD 8.04±0.28 0.28 0.9999 3.68±0.40 3.68 

PZT-H 

AP 8.16±0.10 0.15 0.9998 5.90±0.70 5.94 

STD 11.97±0.18 0.16 0.9999 6.58±0.50 6.53 

ATD 12.11±0.22 0.19 0.9995 7.17±0.60 7.34 

PZT-S 

AP 12.37±0.13 0.16 0.9999 5.98±0.78 6.03 

STD 15.61±0.24 0.18 0.9999 6.85±0.90 6.46 

ATD 17.39±0.35 0.20 0.9997 7.80±0.80 7.77 
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Fig. 4.6 Representation of the nanoindentation data on 𝑃𝑚𝑎𝑥/ℎ𝑐 vs. ℎ𝑐 scale to the PSR model 

for AP, STD and ATD samples of (a) PMN-PT, (b) PZT-H and (c) PZT-S piezoceramics. 
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 The annealed samples in PMN-PT and both the PZTs exhibit higher 𝛼1 and  𝛼2 values 

than the AP samples, indicating the higher elastic and plastic resistance to the deformation. 

This may be attributed to the increased contribution of non-90° and non-180° DW beneath 

the indenter. The ferroelectric domain structure in AP samples exhibit domain switching by 

forming 90º DW when subjected to uniaxial compressive loads [Cao and Evans, 1993, Park 

et al., 2007] to minimize the elastic strain energy associated with them, which can be 

intimately connected to the lower elastic recovery of ferroelectric domains in the material 

[Wong and Zeng, 2010]. However, the above phenomenon is unlikely in STD and ATD 

samples, as the disturbed ferroelectric domain structure shows a rearrangement of domains 

[Wong and Zeng, 2010, Schneider et al., 2005] by forming non-180º and non-90º DW due to 

electro-elastic defects such as defect dipoles (due to O and/or Pb vacancies) and micro void 

or cracks associated with them [Damjanovic and Hysteresis, 2005, Promsawat et al., 2017]. 

The formation of non-180º and non-90º DW could be advantageous, as they restrict the 

switching process by extremely weakening the motion of ferroelectric domains at grain 

boundaries. Consequently, pinning or clamping of ferroelectric domains takes place, which 

offers the increased resistance to plastic deformation during indentation. 

 Further, the 𝐻1 and 𝐻2 values computed from the PSR model using Eqs. 13 and 14 are 

presented in Table 4.3. 

                                                     𝑯𝟏 =  
(𝑷𝒎𝒂𝒙−𝑷𝒎𝒊𝒏)

𝟐𝟒.𝟓𝒉𝒄
𝟐 =

(𝑷𝒎𝒂𝒙−𝜶𝟏𝒉𝒄)

𝟐𝟒.𝟓𝒉𝒄
𝟐                      (13) 

 

                                                                    𝑯𝟐 =
𝜶𝟐

𝟐𝟒.𝟓
                                                (14) 

 

 Clearly, the 𝐻1 values of AP, STD, and ATD samples of PMN-PT, PZT-H and PZT-S 

are comparable to the H values (Figs. 4.2a-c) and show the size dependence shown in Figs. 

4.7(a-c). Further, the 𝐻1 values in PMN-PT follows the trend: (𝐻1)𝑆𝑇𝐷 >  (𝐻1)𝐴𝑇𝐷 >

 (𝐻1)𝐴𝑃, while for PZT-H and PZT-S, 𝐻1 values follow the trend: (𝐻1)𝐴𝑇𝐷 >  (𝐻1)𝑆𝑇𝐷 >

 (𝐻1)𝐴𝑃, which is also on the expected lines. Figs. 4.8(a-c) demonstrates the variation in 𝐻1 

with respect to ℎ𝑐 for AP, STD and ATD samples of PMN-PT, PZT-H and PZT-S indicating 

the ISE boundary on the basis of ℎ𝑐𝑟𝑖𝑡 above which ISE is less significant and/or inactive. 

The ISE boundary differs significantly among the AP, STD and ATD samples in all the 
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materials, which stems from the differences in ferroelectric domain configurations among the 

samples as schematically illustrated in Fig. 4.8d. 

 Unlike the ER model, the PSR model can describe the ISE even at higher ℎ𝑐 [Li and 

Bradt, 1992, 1993, Li et al., 1993, Peng et al., 2004] though few studies showed that it 

overestimates the 𝐻1 values [Maiti et al., 2018]. Despite its applicability to various ceramics, 

the PSR model does not consider the effect of residual stresses or surface artefacts induced 

during machining or polishing of the specimen on the ISE. Therefore, the PSR model (as 

proposed in equation 12) is slightly modified by Li and Bradt (1993), to satisfactorily 

describe the hardness variation over a range of loads or indentation sizes which is referred to 

as the “modified PSR” (MPSR) model. 
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Fig. 4.7 Representation of typical ISE in true hardness values for AP, STD and ATD samples 

of (a) PMN-PT, (b) PZT-H and (c) PZT-S piezoceramics according to the PSR model. ((𝐻1)- 

Load-dependent hardness, (𝐻2)- Load-independent hardness). 
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Fig. 4.8 (a-c) Representation of ISE on size effect curve according to the PSR model for AP, 

STD and ATD samples of PMN-PT, PZT-H and PZT-S, respectively clearly showing the ISE 

boundary and (d) schematic representation of the PSR effective zone and ℎ𝑐𝑟𝑖𝑡 beyond which 

these ISE are ineffective. 
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4.3.2.4. Modified proportion specimen resistance (MPSR) model 

The surface artefacts, such as residual stresses induced during specimen preparation, have a 

marked influence on the ISE [Jäger, 2004, Li and Bradt, 1993, Gong et al., 1998]. Gong et al. 

(1999) have modified the PSR model by introducing an additional constant, 𝛼0, which 

considers the surface artefacts and expressed as Eq. 15. 

     𝑷𝒎𝒂𝒙 = 𝜶𝟎+ 𝜶𝟏𝒉𝒄 + 𝜶𝟐𝒉𝒄
𝟐                      (15) 

The polynomial fitting of 𝑃𝑚𝑎𝑥 vs. ℎ𝑐 data for AP, STD and ATD samples in PMN-PT, PZT-

H and PZT-S shown in Figs. 4.9(a-c), respectively, enables to determine 𝛼0, 𝛼1 and  𝛼2.  
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Fig. 4.9 Representation of the nanoindentation data on 𝑃𝑚𝑎𝑥  vs. ℎ𝑐 scale to the MPSR model 

for AP, STD and ATD samples of (a) PMN-PT, (b) PZT-H and (c) PZT-S piezoceramics. 
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 The negative and positive values of 𝛼0 indicate the compressive and tensile nature of 

the surface residual stresses, respectively. The statistical analysis of the indentation data 

[Gong et al., 1999 and Gong and Li, 2000] further shows that 𝛼0 can also be related to the 

experimental inaccuracies arising due to sensitivity of load cell and/or objective lens in the 

indentation set up. It is evident from the 𝛼0 values (as shown in Table 4.4) that the residual 

stresses are tensile in nature in AP samples, while become compressive in STD and ATD 

samples in all the materials. One possible reason for this could be due to the plastic strain 

incompatibilities arising due to the ferroelectric domain reorientation during annealing 

treatment [Kathavate et al., 2018]. Further, the 𝛼1 and  𝛼2 values show a similar trend as that 

of the PSR model. 

Table 4.4 Summary of the descriptive parameters and true hardness values obtained from the 

MPSR model for all the samples of PMN-PT, PZT-H and PZT-S piezoceramics. ((𝐻1)- 

Load-dependent hardness, (𝐻2)- Load-independent hardness). 

Materials Structural 

state 
Modified proportion specimen resistance (MPSR) model 

𝛼0 (mN) 
𝛼1×10-3 

(mN/nm) 

 𝛼2 ×10-3 

(mN/nm2) 
R2 𝐻1 (GPa) 𝐻2 (GPa) 

PMN-PT 

AP 0.41±0.08 1.48±0.09 -0.026 0.998 2.7±0.53 2.80 

STD -0.11±0.10 9.38±0.15 0.22 0.999 4.3±0.52 4.35 

ATD -0.57±0.12 9.87±0.18 -0.14 0.997 3.3±0.48 3.30 

PZT-H 

AP 1.12±0.12 10±0.14 0.13 0.999 5.9±0.7 6.12 

STD -0.12±0.04 12.1±0.28 0.15 0.999 6.8±0.58 7 

ATD -0.55±0.03 14.2±0.25 0.18 0.997 7.52±0.8 7.64 

PZT-S 

AP 0.24±0.13 6.30±0.18 0.15 0.999 6±0.78 5.74 

STD -0.14±0.05 10.14±0.3 0.16 0.998 7±0.90 6.66 

ATD -0.35±0.04 12±0.38 0.19 0.999 7.68±0.7 7.87 

 

 Similar to the PSR model the 𝐻1 and 𝐻2 values of the MPSR model are expressed as; 

                                           (𝑯𝟏) =  
(𝑷𝒎𝒂𝒙−𝑷𝒎𝒊𝒏)

𝟐𝟒.𝟓𝒉𝒄
𝟐 =

(𝑷𝒎𝒂𝒙− 𝜶𝟎− 𝜶𝟏𝒉𝒄)

𝟐𝟒.𝟓𝒉𝒄
𝟐                                       (16) 

                                                                    (𝑯𝟐) =
𝜶𝟐

𝟐𝟒.𝟓
                                       (17) 
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 The 𝐻1 and 𝐻2 values deduced from the MPSR model for AP, STD, and ATD samples 

(as presented in Table 4.4) are also similar to those obtained from the PSR model. Further, 

the 𝐻1 values of PMN-PT, PZT-H and PZT-S, as shown in Figs. 4.10(a-c), follows the trend; 

(𝐻1)𝑆𝑇𝐷 >  (𝐻1)𝐴𝑇𝐷 >  (𝐻1)𝐴𝑃 (for PMN-PT) and (𝐻1)𝐴𝑇𝐷 >  (𝐻1)𝑆𝑇𝐷 >  (𝐻1)𝐴𝑃 (for PZT-

H and PZT-S). Although the 𝐻1 and 𝐻2 values from the MPSR model are identical to the ones 

obtained from the PSR model, the origins of ISE in AP and ATD samples of PMN-PT cannot 

be satisfactorily explained on the basis of the MPSR model due to non-acceptable negative 

values of the descriptive parameter,  𝛼2. On the other hand, the MPSR model captures the 

ISE in both PZTs and indicates the reasons for high H values observed in STD and ATD 

samples. 
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Fig. 4.10 Representation of typical ISE in true hardness values for AP, STD and ATD 

samples of (a) PMN-PT, (b) PZT-H and (c) PZT-S piezoceramics according to the MPSR 

model. ((𝐻1)- Load-dependent hardness, (𝐻2)- Load-independent hardness). 
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 The main objective of explaining the ISE on the basis of the ER, PSR and MPSR model 

is to evaluate true hardness numbers. The 𝐻1 and 𝐻2 values obtained from the different 

models summarized in Tables 4.2, 4.3 and 4.4 are in reasonable agreement with each other 

despite the differences in fitting constants. These fitting constants and hence the ISE appears 

to be sensitive to underlying microstructural parameters of the materials such as grain size, 

grain orientation and ferroelectric domain configurations etc., in addition to the other errors 

associated with the specimen preparation and machine uncertainties. The current study 

clearly reveals that the H and ISE in piezoelectric materials are independent of the grain size 

but depends on the ferroelectric domain configurations. Being transversely isotropic in 

nature, the crystallographic orientation might have an influence on the mechanical properties 

of piezoelectric materials. Therefore, the role of crystallographic orientation on the H cannot 

be conclusively ruled out from the current experiments, although the indentations are 

confined to an individual grain. However, the micro-indentation experiments are helpful in 

determining the role of grain orientations on the H of polycrystalline ceramics (as it 

comprises the average response from several grains). Further, indentation experiments on the 

single-crystal samples will be able to provide a profound understanding of the role of 

individual ferroelectric domains (i.e., 𝑐+, 𝑐− and 𝑎) on the nanomechanical properties, and 

ISE. 

4.4. Summary 

The present work describes the origins of ISE in nanoindentation hardness of polycrystalline 

PMN-PT, PZT-H and PZT-S with different ferroelectric domain configurations. The P vs. H 

data is fitted with the different mechanistic models that are available in the literature for the 

improved understanding of ISE and true hardness in polycrystalline piezoceramics. The key 

outcomes from the present chapter after a critical analysis of nanoindentation data can be 

summarized as follows: 

• The variation of H with respect to ℎ𝑐 indicates that PMN-PT, PZT-H and PZT-S 

piezoceramics, independent of their ferroelectric domain configurations, exhibit RISE 

(particularly in PMN-PT) and ISE in H. 

• All the mechanistic models satisfactorily describe the ISE to various levels. Further, 

the ISE and descriptive parameters from each model are sensitive to the differences in 

ferroelectric domain configurations.  

• The classical Meyer’s law and H-K model are suitable to describe the ISE at lower 

indentation loads; however, they cannot explain the origins of RISE or ISE. The lower 



128 
 

values of Meyer’s exponent "𝑛" and higher 𝑃𝑚𝑖𝑛 values (from the H-K model) for 

annealed samples indicate the increased resistance to the indentation (i.e., higher H 

values) compared to AP samples. 

• The ER model very well captures the ISE in all the samples of PMN-PT, PZT-H and 

PZT-S by eliminating the errors in the measurement of indentation dimensions.  

• The PSR model can describe the RISE or ISE in all the piezoceramics in the current 

study and estimate the load-dependent and independent true hardness values. 

However, the MPSR model failed to explain the origins of RISE and ISE in AP and 

ATD samples of PMN-PT due to non-acceptable negative values of fitting 

parameters. However, it satisfactorily describes the origins of ISE in all the domain 

configurations of PZT-H and PZT-S.    

• Further, the constant in the MPSR model suggests that the surface residual stresses are 

compressive in nature in the case of STD and ATD samples, mostly due to the 

reorientation of ferroelectric domains during annealing, and hence the possibility of 

showing an increased H. This also suggests that the ferroelectric domain 

configurations have a marked influence on the H values and RISE or ISE in H. 

• The true hardness values obtained from the ER, PSR and MPSR model in all the 

samples of PMN-PT, PZT-H and PZT-S are more or less similar to each other due to 

similar attributes in fitting the nanoindentation data. 

 

 



129 
 

CHAPTER 5 

Conclusions and Future Scope 

Abstract: This chapter summarizes the important results and key conclusions from the 

present thesis. The scope for future work based on the experiments performed and proposed 

mechanisms is mentioned in the last part of the chapter. 

 

5.1. Summary and Conclusions 

This thesis presents a systematic investigation of the role of intrinsic microstructural length 

scales (e.g., ferroelectric domain configurations) on the deformation response of 

polycrystalline piezoceramics. Although the role of ferroelectric domain configurations on 

piezoelectric behaviour is reasonably well understood, limited studies are available to 

ascertain their influence on mechanical behaviour. The ferroelectric domain configurations 

are systematically varied by employing a cost-effective domain engineering (DE) technique 

via thermal annealing at temperatures below and above the curie temperature, Tc. 

Subsequently, the ferroelectric domain configurations (e.g., orientation and nature of 

domains) are characterized using piezoresponse force microscopy (PFM). The role of 

different domain configurations on the nano and micromechanical properties are investigated 

using instrumented nano- and micro-indentation. Following conclusions can be drawn from 

the current results and detailed analysis: 

• The DE via annealing treatment causes significant changes in the ferroelectric domain 

configurations. In all the piezoceramics investigated in this work, the degree of 

disorderness in ferroelectric domain configurations increases with annealing 

temperatures. The direct and converse piezocharge coefficient, 𝑑33 and 𝑑33
∗ , 

respectively decreases with increasing randomness in ferroelectric domain 

configurations and approaches to a value of zero in the samples annealed above the 

curie temperature, Tc. These ferroelectric domain re-orientations often cause cracking 

in some of the grains, possibly due to the incompatibility in strains at the domain wall 

(DW) boundaries. 

• The results from the nano- and micro-indentation experiments reveal that the 

ferroelectric domain configurations have a marked influence on the hardness, H, 

elastic modulus, E, and indentation fracture toughness, 𝐾𝐼𝐶
𝑖 . The H values of undoped 

PZT (PZT-U), hard-doped PZT (PZT-H), soft-doped PZT (PZT-S), and NKN-NT 
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increases with increasing degree of ferroelectric domain randomization. ATD samples 

show the highest H (~ 20 to 40% for PZTs and ~ 10% for NKN-NT) compared to AP 

samples. The reorientation of ferroelectric domains through non-90° and non-180° 

DW in response to mechanical stresses appears to offer an increased resistance to the 

deformation during indentation (and hence a higher elastic recovery of ferroelectric 

domains in ATD samples), thereby leading to enhanced H.   

• Owing to relaxor ferroelectric nature, the H values of PMN-PT follows a different 

trend: STD samples exhibit the highest H (~ 2.5 times) values compared to ATD and 

AP samples. The transition of PMN-PT from piezoelectric to relaxor ferroelectric near 

the Tc delays randomization of ferroelectric domains, thereby leading to the formation 

of the small island (polar nano regions, NPR). These NPR thought to hinder the 

ferroelectric domain switching process during indentation in STD samples, and 

therefore the increase in H. On the contrary, NPR disappears (above the Tc) in ATD 

samples, and the ferroelectric distortion becomes much easier, thereby leading to low 

H values.  

• The PFM studies revealed that the DE via doping of aliovalent cations (i.e., 

controlling the crystal structure) significantly alters the ferroelectric domain 

configurations, leading to enhanced 𝑑33 (~ 200% for PZT-H and ~ 265% for PZT-S) 

and H values (~ 36% for PZT-H and ~ 41% for PZT-S) compared to PZT-U. The 

differences in electro-mechanical response (i.e., higher 𝑑33 and H values) in PZT-S 

compared to PZT-H could be attributed to the differences in ferroelectric behaviour of 

both the PZTs such as highly mobile ferroelectric domain structure, close interdomain 

spacing and higher density of ferroelectric domains in PZT-S compared to PZT-H. 

• The indentation induced domain switching (IIDS) during loading, back-switching 

(completely or partially) during unloading have a pronounced influence on the 

toughening behaviour of PZT piezoceramics. The variation of 𝑑33
∗  and 𝜀𝑟 values 

obtained  ahead and around of the indentation crack front clearly show the 

ferroelectric domain switching mechanisms prevalent at these locations. 

• All the piezoceramics irrepspective of their initial ferroelectric domain configuration, 

exhibit both reverse indentation size effect (RISE) and normal indentation size effect 

(ISE) in H.  
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• The critical analysis of RISE and ISE in PMN-PT, PZT-H and PZT-S using classical 

Meyer’s law, Hays-Kendall (H-K) model, Elastic recovery (E-R) model, Proportion 

specimen resistance (PSR), and Modified proportion specimen resistance (MPSR) 

model revealed the following: (i) The differences in ferroelectric domain 

configurations has a marked influence on the descriptive parameters and exponents of 

all the models, (ii) The classical Meyer’s law and H-K model quantitively very well 

capture the ISE in all the piezoceramics, but failed to explain the origins of ISE, (iii) 

The ER model very well describes the origins of ISE in all the piezoceramics by 

eliminating the errors in the measurement indentation size, ℎ𝑐 during indentation and 

estimate the critical indentation size, ℎ𝑐𝑟𝑖𝑡 beyond which ISE are ineffective, (iv) The 

PSR and MPSR models explain the origins of ISE on the basis of (a) material-

dependent constants and (b) surface artefacts (due to surface residual stresses and 

experimental inaccuracies). However, differences in ferroelectric domain 

configurations appear to have a pronounced influence on both material-dependent 

constants and surface artefacts, (v) Initially, the surface residual stresses are tensile in 

AP samples and become compressive in STD and ATD samples of all the 

piezoceramics, possibly due to the reorientation of ferroelectric domains during 

thermal annealing, (vi) The true H values obtained from the ER, PSR and MPSR 

models in all the piezoceramics are lower than the machine H values (which is 

generally correct) and confirm the validity of the nanoindentation experiments and 

(vii) The MPSR model does not hold good for explaining the ISE in AP and ATD 

samples of PMN-PT due to non-acceptable negative values of descriptive (or fitting) 

parameters.    
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5.2. Directions for Future Work 

 The present study attempts to ascertain the role of ferroelectric domain configurations 

on the strengthening and toughening behaviour of polycrystalline piezoceramics. On this 

front, the possible underlying mechanisms such as IIDS and rearrangement of ferroelectric 

domains during the indentation of polycrystalline piezoceramics are explored in details. 

However, this study is not exhaustive by any means, and still, there are some possibilities for 

future work.  

• Most of the studies in the open literature are centred on investigating the toughening 

behaviour in single-crystal piezoceramics. Therefore, the toughening behaviour in 

polycrystalline piezoceramics, particularly in Pb-free ceramics in light of different 

ferroelectric domain configurations, is highly a debatable aspect in this area. 

• Although the present work provides the direct observation of ferroelastic activities such 

as IIDS and ferroelectric domain rearrangement around the vicinity of the indentation, 

not much attention has been given to ferroelastic activities beneath the indentation 

(except the work by Schneider et al., 2005). Therefore, it would be interesting in future 

to examine these ferroelastic activities beneath the indentation in polycrystalline 

piezoceramics. 

• Only a few studies have reported the influence of high strain rate and dynamic failure 

on the electro-mechanical characteristics of piezoceramics [Lamberson and Ramesh, 

2017 and Wang et al., 2020]. This is one of the important open problems and can be 

addressed in future by performing high strain rate experiments using Split-Hopkinson 

pressure bar (SHPB) to suit these piezoceramics for variable high-frequency loading 

environment. 

• The cyclic nanoindentation experiments would be helpful to investigate the pressure 

induced phase transformation, particularly at lower length scales. 

• The role of plastic strain gradient beneath the indentation on DW motion in 

polycrystalline piezoceramics cannot be conclusively ruled out. The sub-surface 

indentation experiments and domain orientation maps in the sub-surface deformation 

zone may provide deeper insights.  

• There is ample room for the predictive capabilities of PFM to characterize the 

ferroelectric domain configurations and their polarizarion directions (crystallographic) 

in polycrystalline piezoceramics, particularly via V-PFM tool and at high bias voltage. 
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APPENDIX 1 

       

Fig. A1 (a) Vector representation of ferroelectric domains in PbTiO3 thin film visualized 

using PFM phase images [Adpoted from Kalinin et al., 2006] (b) schematic representing the 

contribitions of cantilever deflection. 

 

(a) 

(b) 

300 nm 
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Fig. A2 Representative XRD pattern showing the peak splitting in (a) PZT-H and (b) PZT-S. 
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Fig. A3 Representative mapping of the elemental constituents present in PZT-H obtained 

through EDS (scanned area is shown in inset) as well as stoichiometric %wt proportions are 

presented in the pie chart.  
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Fig. A4 Representative mapping of the elemental constituents present in PZT-S obtained 

through EDS (scanned area is shown in inset) as well as stoichiometric %wt proportions are 

presented in the pie chart. 
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Fig. A5 Variation in 𝐴𝑚 with respect to 𝑉𝐵 at various locations around and ahead of the 

indentation crack (a) A to D, (b) E-H and (c) I to K as per the plan shown in Fig. 3.14(a). 
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Fig. A6 Representative area function calibration curve obtained before performing 

nanoindentation experiments on piezoceramics. The polynomial fit (R2 ~ 1) indicates the zero 

deviation from of the ideal geometry of the Berkovich indenter. 
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Fig. A7 Representation of Meyer’s index, "𝑛" values on size effect curve.  
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