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SYNOPSIS 

The relaxor ferroelectric materials such as Pb(Mg1/3Nb2/3)O3 PbTiO3 (PMN-PT) exhibit 

excellent piezoelectric coupling coefficient (~1100 2500 pC/N), ultrahigh electromechanical 

coupling (~88 93%), and electrically induced strains (~0.4% 1.7%), which makes them an 

attractive choice for designing high-performance sensors and actuators for various applications 

like aerospace, defense, acoustic, and biomedical industries. The devices made of these materials 

are often subjected to contact forces which may lead to domain switching/phase-transformation 

(Schneider et al., 2005), and nucleation of surface cracks (Szutkowska), resulting in change in 

electromechanical properties and hence affecting the desired performance. This has encouraged 

the researchers to study the indentation response of these materials.  

The indentation experiments on single crystals of relaxor ferroelectric materials such as 

PZN-PT, PIN-PMN-PT and PMN-PT showed reduction in hardness with indentation load/depth 

which is referred to as indentation size effect (ISE) (Jin et al. 2008; Man et al., 2020; Zhang et 

al., 2020; Joseph et al. 2022). Though the mechanistic reasons for ISE in these materials are not 

well explained, it has been hypothesized by few authors that ISE is caused by increase in the 

resistance offered to the indenter by the inner layers of the material with enhancement in load 

(Jin et al., 2008). However, it is not clear why and how the hardness was higher at lower 

indentation load. On the other hand, few authors argued that the hardening caused by 

geometrically necessary dislocations (GNDs) at lower load is responsible for ISE in relaxor 

ferroelectric materials (Man et al., 2020; Zhang et al., 2020). However, no direct or indirect 

experimental evidence for GNDs in relaxor ferroelectrics has been reported yet. The potential 

reason for ISE in these materials might be polarization rotation induced phase transformation, 

which is not explored yet. Further, the indentation response of relaxor ferroelectric PMN-0.32PT 

has not been studied in detail till now, despite having excellent piezoelectric properties. 

Therefore, Vickers micro-indentation experiments are performed on [001]-oriented PMN-0.32PT 

single crystals. The hardness Vs. load curve shows the ISE, and the load independent hardness is 

found to be  GPa. Further, the X-ray diffraction (XRD) analysis performed on 

indented surface shows the formation of doublet at around and which was not the 

case before indentation. Following Ahart et al. (2011), it is deduced from XRD analysis that as-

received [001] poled single crystal has undergone phase transition during indentation. The 

Raman spectroscopy performed at a point far away from indentation site (point P in Fig. 1(b)) 
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and on as-received crystal shows almost identical spectrum. A similar spectrum for [001] poled 

PMN-PT single crystal in tetragonal phase has also been reported by Shen et al. (2005). Thus, it 

can be deduced that the tetragonal ferroelectric phase prevails at a point far away from the 

indent. The spectrum corresponding to inside imprint (point R and S in Fig. 1(a)) show splitting 

of peak centered near 272 and 148 cm-1, which suggests that the 

Kreisel et al. (2002) reported that such peak splitting represents phase transformation. Further, it 

is important to note that PMN-0.32PT is unstable in orthorhombic phase in absence of electric 

field or mechanical loading. Therefore, it can be concluded that the crystal phase has transformed 

from tetragonal to rhombohedral phase, through rotation of polarization vector from [001] to 

[111].

Figure 1 (a) Representative Raman spectrum at different locations inside and near the indent 

imprint as shown in (b), corresponding to 2.94 N indentation load, and (c) Schematic showing 

the crystal phase with orientation of the spontaneous polarization vector underneath the indenter.

A phase transformation induced mechanism of ISE is proposed which is explained 

through schematic shown in Fig. 1(c). The polarization vector is almost opposite to the applied 

load offering higher resistance for indentation resulting in higher hardness for lower loads (refer 

Fig. 1c(i)). As loading progresses, the volume of stressed (or deformed) region increases. In 
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addition, the polarization vector of the domains in this region would rotate up to some extent 

making the vector not being exactly opposite to the applied load (refer Fig. 1c(ii)). This would, 

in turn, result in lesser resistance and hence lower hardness for intermediate values of loads. For 

higher loads, polarization-rotation induced phase transition would be completed, and no further 

significant rotation of vector would take place and hence material resistance and hardness should 

attain a saturation level. After unloading, the transformed region remains unaltered, as evident 

from XRD patterns and Raman spectrums. Thus, the observed ISE in the present indentation 

experiments on poled PMN-0.32PT single crystals is attributed to the polarization-rotation 

induced phase transition below the indenter. 

Further, the reliability of the devices made from these materials is always questioned, 

especially in contact loading, due to very low fracture toughness ( ~ . This 

has encouraged researchers to investigate their fracture behavior under indentation loading. The 

indentation experiments performed along perpendicular and parallel to the poling directions on 

PZT, NBT-BT and BCT reported different values of indentation fracture toughness (Mehta and 

Virkar, 1990; Chen et al., 2020; Wang et al., 2021). Further, they observed larger crack length 

along perpendicular to poling direction as compared to that for parallel to poling direction, 

during perpendicular indentation. The smaller crack length along parallel to poling direction has 

been advocated to be caused by  domain switching near crack tip. However, the complete 

mechanism of domain switching is not well explained. Further, the study on relaxor 

ferroelectrics, especially PMN-0.28PT and PMN-0.32PT which lies near the morphotropic phase 

boundary, is still lacking. Therefore, Vickers micro indentation experiments are performed on 

PMN-0.28PT and PMN-0.32PT single crystals to understand the anisotropy in hardness and 

fracture toughness. In this study, the indentation experiments are performed by keeping the 

indentation direction antiparallel and perpendicular to the poling direction. The former is referred 

to as parallel indentation, and the latter is termed as perpendicular indentation.  

The results show that both PMN-0.28PT and PMN-0.32PT single crystals exhibit higher 

hardness for parallel indentation than perpendicular indentation, which can be attributed to the 

alignment of polarization vector being almost opposite to the loading direction. However, PMN-

0.32PT crystal shows more hardness than PMN-0.28PT crystal, irrespective of the direction of 

loading. If the values of piezoelectric coupling coefficient,  are considered to be correlated 

with the degree of alignment of polarization vector with the poling direction, the above trend in 
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the hardness could be a consequence of higher in 0.32PT than 0.28PT, though it has not been 

investigated. In order to verify the above hypothesis, the effect of on the hardness of a 

piezoelectric material is investigated through finite element (FE) simulations of Vickers 

indentation by taking different values of , while keeping other material constants fixed. The 

results show that the hardness increases with increase in (refer Fig. 2(a)). Thus, it is 

concluded that the higher hardness in PMN-0.32PT is due to their higher values of than that 

of PMN-0.28PT. 

Figure 2 (a)The variation of hardness, HV with piezoelectric coupling coefficient, obtained 

from finite element simulations of indentation, (b) Optical microscope images of residual imprint 

with cracks on PMN-0.28PT crystal generated through perpendicular indentation at a load of 

2.94 N.

Further, it is observed from the present experiments that the length of cracks emanating 

from the imprint corners is almost similar in the case of parallel indentation, whereas it differs 

for perpendicular indentation. For the latter case, crack parallel to the poling direction are longer 

than cracks perpendicular to the poling direction (refer Fig. 2(b)) which results in different 

indentation fracture toughness along these two directions. The noticed anisotropy in crack length 

and fracture toughness in the present study is in contrast with the previous reports on 

ferroelectric materials (Mehta and virkar, 1990; Chen et al., 2020; Wang et al., 2021). In order to

understand the orientation of domains (polarization vectors) along the crack, local values of , 

is determined as slope of amplitude (A) versus Bias voltage (VB) curves, at zero VB, obtained 

from switching spectroscopy piezoresponse force microscopy (SS-PFM). 
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Figure 3 (a) The schematic showing the approximate locations of points where the switching 

spectroscopy piezoresponse force microscopy (SS-PFM) is performed for perpendicular 

indentation, (b) Variation of along the crack for perpendicular indentation, (c) The schematic 

representing the domain state before and after crack propagation for perpendicular indentation. 

(d,e,f) The corresponding images for parallel indentation.

The variation of along the crack is shown in Fig. 3 (b) and (e) for perpendicular and 

parallel indentation, respectively. Note, a very low value of at a point on a surface suggests 

that the polarization vector at that point is almost parallel to the surface, whereas a large 

signifies the vectors being almost perpendicular to the surface. Noting these facts, it can be 

deduced from Fig. 3(b) that the polarization vector might be almost parallel to the surface at 

point D, while it would be perpendicular to the surface at point A. Since the polarization vector 

of domains were parallel to the surface before indentation in the case of perpendicular 

indentation, Fig. 3(b) suggests that the domain orientation remains almost unaltered at point D, 

whereas it has changed from parallel to the perpendicular to at the surface at point A. Since these 

points are taken ahead of the crack tip, it can be concluded from Fig. 3(b) that a domain 

switching takes place before crack propagation in the direction perpendicular to the poling 

direction, while domain orientation does not change significantly before crack propagation along 

the poling direction during perpendicular indentation in both the crystals. 
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Further, the higher value of at point F than that at point D signifies that domain 

switching takes place after crack has propagated along the direction parallel to the poling 

direction. Similarly,  at point C being lower than that at point A suggests that polarization 

vectors at former locations are not as perpendicular to the surface as they are near latter location. 

In other words, domains switching takes place after crack propagation along perpendicular to the 

poling directions also. In summary, domains switching occurs only after the crack propagation 

along the poling direction, while it happens before as well as after crack propagation along 

perpendicular to the poling direction during perpendicular indentation. 

Noting above discussion, the fracture toughness anisotropy observed in the present study 

can be explained through the domain switching displayed in this schematic (refer Fig. 3(c)). The 

orientation of domain walls would be parallel to the crack easing its propagation without domain 

switching along the poling direction, resulting in lower indentation fracture toughness along 

poling direction during perpendicular indentation. On the other hand, the domain walls would be 

perpendicular to the crack making the necessity of domain switching in such a way that domain 

walls become parallel to the crack along perpendicular to the poling direction too. This would 

require larger energy dissipation resulting in higher indentation fracture toughness along 

direction perpendicular to the poling. The electrical boundary conditions are expected to change 

on newly created surfaces after crack propagation which would force domain switching in both 

directions. In the case of indentation parallel to the poling directions,  at a point near the 

imprint corner is lower than that ahead of the crack tip (refer Fig. 3(e)). This suggests that the 

domain switching takes place after crack propagation in the case of parallel indentation also. 

Since both the directions of crack propagation are identical with respect to initial domain 

orientation, indentation fracture toughness is almost similar for both directions during parallel 

indentation (refer Fig. 3(d)). 

Further, piezoceramics are exposed to various loading rates during their working life, 

which affect their performance. Therefore, the understanding of indentation response at different 

loading rates is of practical importance. Recently, Man et al. (2020) reported ISE on PMN-PT 

during nanoindentation experiments performed at different strain rates, which they attributed to 

the large strain gradients and work hardening, although no explanation for the same was given. 

Further, the analytical models such as Mey -Kendall (H-K) model, Proportional 
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specimen resistance (PSR) model, and Modified proportional specimen resistance (MPSR) 

model are employed to explain the mechanics of ISE in polycrystalline PMN-PT and PZT 

(Kathavate et al., 2021b; Kathavate et al., 2021c). However, it is not clear if these models are 

capable of explaining the ISE in PMN-PT single crystals for different strain rates. Therefore, the 

nanoindentation experiments are performed on the [001]- and [011]-oriented PMN-0.32PT single 

crystals at three different strain rates. It is found that hardness increases with decrease in strain 

rate for both the orientations, and ISE is also observed in both the orientations for all the strain 

due to decrease in exponent ( ) with increase in strain rate. It is found that H-K model is not 

appropriate to describe the ISE in PMN-PT single crystals. However, PSR model qualitatively 

describes the ISE but underestimates the load independent hardness (refer Table 1). The MPSR 

model satisfactorily describes the ISE at different strain rates and the values of load independent 

hardness are more in line with the experimental hardness. Therefore, based on satisfaction of 

MPSR model, the ISE noticed in present work can be attributed to the elastic resistance of the 

specimen, nucleation of surface cracks, and tensile residual stresses.  

Table 1 Summary of O & P Hardness, H, Load independent hardness, H2 from PSR and MPSR 

model for [001]- and [011]- oriented PMN-0.32PT single crystal. 

Orientation   O &P Hardness, 
H (GPa) 

Load independent hardness, 
H2 (GPa) 

PSR Model MPSR Model 

[001] 
  5.94 10.7 
  5.35 9.81 

  5.88 7.12 

[011] 
  6.07 8.33 
  5.62 7.85 

  5.21 7.43 

It has been reported that the sensitivity, efficiency and acoustic impedance of the 

piezoelectric materials can be increased by introducing the pores in solid piezoelectric media 

(Gupta and Venkatesh, 2006). The effect of the presence of pores in solid piezoelectric material 

has been investigated through various experimental studies on porous PZT, , and PZT-

PZN, BaTiO3 etc. For instance, the increase in piezoelectric voltage coefficient (Hikita et al., 

1983), decrease in acoustic impedance (Bast and Wersing, 1989), larger electro-acoustic 
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sensitivity (Kara et al., 2003; Kumamoto et al., 1991), better voltage output (Nagata et al., 1980),

and high hydrostatic figure of merit (Bowen et al., 2004) is reported with increase in porosity. 

Despite of excellent piezoelectric properties of PMN-PT ceramics, no study has been undertaken 

on porous of PMN-PT, though a few numerical investigations has been performed on porous 

PMN-PT foam (Singh et al., 2013). It must be noted that porous PMN-PT foam is distinct from 

porous PMN-PT in the sense that they exhibit different structure, mechanical properties and 

applications. It is not clear if there exists a threshold porosity leading to the best 

electromechanical properties.

Therefore, samples of porous PMN-PT with different porosity of 20%, 30%, 50% and 

60% are manufactured by using freeze-casting technique. The decrease in volume fraction of the

Figure 4 The voltage generation at different forces for (a) 20% porous and (b) 50% porous 

PMN-PT.

PMN-PT with increasing volume fraction of pore will result in different sizes of lamellar 

structure. The fabricated samples are then subjected to the different forces, and the voltage 

output is measured. The results show that voltage generation significantly increases with the 

increase in porosity (refer Fig. 4). Further, the enhancement in voltage with increase in load has 

also been noticed which is in line with the trends reported for porous of other piezoelectric 

materials. The rise in voltage generation with increase in porosity from a small to a moderate 

level without mechanical damage, can be attributed to increase in strain with porosity up to a 

moderate level. However, for larger value of porosity, the larger values of stresses in the thinner 
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walls of pores may lead to mechanical damage and/or phase transformation resulting in poor 

electromechanical coupling. 

Further, various attempts have been made to identify a suitable material with optimum 

shape (Gupta and Venkatesh, 2006; Gupta and Venkatesh, 2007; Iyer and Venkatesh, 2010, Iyer 

and Venkatesh, 2011), size (Gupta and Venkatesh, 2006), connectivity (Iyer and Venkatesh, 

2010; Iyer and Venkatesh, 2011), and orientation of pores with respect to poling direction (Gupta 

and Venkatesh, 2007) through FE simulations of porous PZT, , and 

. It must be mentioned that in all the above numerical studies, the finite element 

simulations are performed by employing periodic boundary conditions on a unit cell having 

either single pore or uniform distribution of multiple pores. The deformation of such unit cells 

mimics the response of a porous piezoceramic having uniform distribution of pores. However, it 

is not clear from these studies that how does the performance of porous piezoelectric material 

change if the distribution of pores is nonuniform. Further, study on the effect of shape, size and 

distributions of pores on the performance parameters of porous PMN-0.32PT has not been 

undertaken yet, despite of its excellent electromechanical properties.

Figure 5 Schematic representing the different porosity distributions of circular shaped pores.

Therefore, FE simulations are performed on porous PMN-0.32PT to determine the 

optimum shape and spatial distribution of pores leading to better performance parameters. In this 

study, a large number of FE simulations are performed on longitudinal and transverse porous 

PMN-0.32PT with five different types of distribution (type I, II, III, IV and V) (refer Fig. 5) of 

circular, elliptical, hexagonal and square shaped pores corresponding to 3-1 type of pore 

connectivity. The result shows that the values of the performance parameters of porous PMN-

0.32PT are found to be improved in comparison to that reported for porous of other 

piezoceramics such as and foam. The parameters , 
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and are strongly influenced by the shape and spatial distribution of pores for both 

longitudinal as well as transverse porous PMN-0.32PT, as shown in Fig. 6. Further, the 

coefficients and Z are weakly influenced by the spatial distribution for longitudinal porous, 

whereas these are significantly affected by placement of pores in transverse porous PMN-

0.32PT. The optimum spatial distribution of pores based on the figures of merits for longitudinal 

as well as transverse porous PMN-0.32PT having circular, hexagonal and square shaped pores 

are type I and type V, respectively, whereas type III and type IV are found to be more suitable 

when pores are 

Figure 6 The values of (a) hydrostatic charge coefficient, , (c) hydrostatic voltage coefficient, 

and (e) hydrostatic figure of merit, for different distributions of circular, elliptical, 

hexagonal and square shaped pore in longitudinal porous piezoceramics. (b,d,f) The 

corresponding values for transverse porous piezoceramics.

elliptical in shape. In addition, among all pore shapes and distribution, the best pore shape for 

longitudinal and transverse porous PMN-0.32PT is ellipse with type III distribution for 

maximum sensitivity and efficiency with minimum noise to signal ratio. The results also provide 

guidelines in designing porous PMN-0.32PT with enhanced performance parameters.  

In closing, the present thesis is focused on understanding the deformation and fracture 

behavior in PMN-PT single crystals using indentation, and energy harvesting using porous 

PMN-PT. The insights gained would provide guidelines in developing actuators and sensors with 

bulk and porous PMN-PT.

The organization of the present thesis is as follows:
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In Chapter 1, the brief introduction of piezoelectric materials and mechanism of domain 

switching and phase transformation under mechanical loading are discussed. Further, pertinent 

literature review, issues for investigation and objective and scope of thesis are also presented. 

In Chapter 2, the micro-indentation experiments are performed on PMN-0.32PT single crystal. 

The polarization rotation induced phase transformation mechanism is proposed for the observed 

ISE.  

In Chapter 3, the micro-indentation experiments are performed against as well as perpendicular 

to poling direction on PMN-0.32PT and PMN-0.28PT single crystals. The domain switching 

mechanism is proposed based on the  values for explaining different crack lengths along and 

perpendicular to the poling direction for perpendicular indentation.  

In Chapter 4, the nano indentation experiments are performed on [001] and [011] oriented poled 

PMN-0.32PT single crystal at different strain rates. The strain rate dependent ISE is explained 

using different mechanistic models of ISE. 

In Chapter 5, the porous PMN-PT is fabricated using freeze casting technique with different 

volume fraction of pores. The effect of pore volume fraction on voltage output at different load is 

determined and an optimum volume fraction is proposed with good mechanical strength and 

voltage output is determined.  

In Chapter 6, the effect of various novel non-uniform pore distributions of circular, elliptical, 

hexagonal and square shaped pore on the performance parameters of longitudinal as well as 

transverse porous PMN-0.32PT is studied using finite element simulations. The guidelines for 

designing porous PMN-0.32PT with enhanced performance parameters is also provided. 

In Chapter 7, the important conclusions drawn from chapter 2-5 are summarized and the possible 

further works are also discussed. 
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CHAPTER 1 

Introduction 

Piezoelectric materials are widely used as a sensor and actuators to precisely monitor the 

force, strain, pressure, temperature, acceleration, vibration, etc. for medical, structural, industrial, 

aerospace and robotics applications. These materials are preferred over other materials due to 

their high sensitivity and quick response over wide frequency range. The piezoelectric materials 

are comprised of nanometer sized regions, named as domains having dipoles parallel to each 

other. It must be noted that the devices made of these materials are often subjected to contact 

forces which may lead to domain switching/phase-transformation resulting in poor 

electromechanical properties leading to sub-standard performance (Zhou et al., 2014; Okayasu et 

al., 2011; Li et al., 2008). Additionally, these materials are brittle in nature with very low fracture 

toughness (KIC generally varies between ) (Wang and Singh, 1998; Calderon-

Moreno et al., 2008), hence the reliability of their devices is always questionable, especially 

when subjected to contact forces. This has encouraged researchers to understand the indentation 

response of these materials.  

The micro-indentation experiments performed on these materials show drop in hardness 

with increase in indentation load which is commonly referred to as indentation size effect (ISE) 

(Jin et al., 2008; Joseph et al., 2020). This behaviour has been explained by arguing that the 

resistance offered to the indenter by the inner layers of the material increases with an increase in 

the load during micro-indentation. However, it is not clear that why and how the hardness should 

be higher at lower load. Also, the effect of polarization rotation induced phase transformation on 

the hardness during micro-indentation has not been considered, though such phase 

transformation has been reported by various authors (Man et al., 2020, Zhang et al., 2020). 

Further, these experiments report significant influence of direction of poling with respect to the 

loading direction on the hardness and indentation fracture toughness, which has been termed as 

hardness and fracture toughness anisotropy, respectively (Wang et al., 2021). These has been 

correlated with domain switching near the crack tip, but the mechanism of domain switching 

leading to such anisotropy is not well explained yet. Therefore, further investigation on the 

mechanistic reasons for ISE during micro-indentation is needed. Furthermore, the micro-

indentation response of relaxor ferroelectric PMN-0.32PT has not been studied in detail till now, 
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despite showing excellent piezoelectric properties. However, the nanoindentation experiments on 

PMN-0.33PT single crystals have been performed at different strain and ISE have been reported 

for all the strain rates. It is important to note that the primary focus of this study was to explore 

the effect of strain rate on the indentation modulus. Thus, the mechanics of strain rate dependent 

ISE in PMN-PT crystals is still far from complete.   

The porous piezoelectric materials have been produced to develop more sensitive and 

efficient sensors for acoustic, biomedical and energy harvesting applications (Bowen et al., 

2004). The finite element simulations have been performed to determine the optimum shape and 

size of uniformly and randomly distributed pores to achieve enhanced performance of these 

sensors (Gupta and Venkatesh, 2006, Iyer and Venkatesh, 2011). The non-uniform but controlled 

distribution of pores might result in significant improvement in the performance of these sensors, 

but such distributions have not analyzed yet. Most importantly, the research on porous 

piezoceramics is primarily focused on porous PZT, BaTiO3, PZT-PZN, ,  

and BCZT, and no study has been undertaken for porous PMN-PT despite its excellent 

electromechanical properties. In addition, the energy harvesting capability of PMN-PT has not 

explored yet. Therefore, a study on porous PMN-PT needs to be undertaken. 

In view of the above considerations, micro as well nanoindentation experiments on PMN-

PT single crystals are performed in this thesis to understand ISE (at constant and variable strain 

rate), hardness and fracture toughness anisotropy in these crystals better. In addition, relaxor 

ferroelectric PMN-PT are synthesized and their energy harvesting capability is examined through 

experiments. The finite element simulations are also performed to explore the possibility to 

enhance the performance of porous PMN-PT using non-uniform but controlled distribution of 

pores. The relevant background is briefly presented below.  

1.1  Origin of piezoelectricity 

Pierre Curie and Jacques Curie, in 1880, found that few materials such as tourmaline, 

quartz, topaz, cane sugar and Rochelle salt generates electric charge by application of tension or 

Hankel, 1881). 
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The piezoelectric effect is classified as direct and indirect piezoelectric effect, as 

described in Figs. 1.1(a,b) and (c,d), respectively. In the former, electric charge/voltage is 

generated due to the application of mechanical force, while in the later displacement or strain is 

generated due to the application of voltage. It is important to note that the polarization of the 

material, which will be described in detail later, governs the polarity of the obtained electric field 

and the direction of strain generated in direct and converse effects, respectively. The first useful 

application of piezoelectric material was demonstrated by Paul Langevin and his co-workers in 

France during World War I by developing an ultrasonic submarine detector from quartz to 

measure depth of water and transmit signals into water (Moheimani et al., 2006). This invention 

motivated researchers to discover various natural or manmade piezoelectric materials (also 

known as piezoceramics) for different applications such as hydrophone, ultrasonic transducers, 

Figure 1.1 Schematic showing (a, b) the direct piezoelectric effect, and (c, d) converse 

piezoelectric effect (Adopted from Dineva et al., 2014).

accelerometers, piezoelectric based ignition systems, etc. The brittle nature of these materials 

limits their uses to a few applications only. This led to discovery of soft/flexible polyvinylidene 
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fluoride (PVDF) polymer by Kawai (1969) in 1969 which made possible to develop flexible 

sensors and actuators for various applications such as aerospace and robotics.

1.2 Classification of piezoelectric materials

There are 230 space groups based on symmetry considerations, out of which 32 are point 

groups, which represents 32 possible combinations of symmetry elements in a crystal. These can 

be further subdivided into 11 centrosymmetric and 21 non-centrosymmetric point groups. To 

exhibit the piezoelectric effect, it is necessary for a material to be non-centrosymmetric which 

means they do not have inversion symmetry with respect to centre of the crystal. Out of the 21 

non-centrosymmetric, 20 groups exhibit polarization under the application of external electrical 

and/or mechanical loading and these are referred to as piezoelectrics. Among 20 piezoelectric 

materials, the unit cell of 10 groups do not have a unique polar axis and hence do not exhibit 

permanent dipole moment. On the other hand, the remaining 10 groups have a unique polar axis 

and can exhibit a non-zero dipole moment in the absence of external electric field which is

Figure 1.2 (a) The schematic (Adopted from West, 2022), and (b) flow chart representing the 

classification of piezoelectric materials (Adopted from Wahab, 1999).

termed as spontaneous polarization. These groups are known as 10 polar points groups and also 

named as pyroelectrics which can generate electric charge on their surfaces due to application of 

mechanical or thermal loading. The pyroelectric materials are further divided into ferroelectrics 
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and non-ferroelectrics. The directions of spontaneous polarization in non-ferroelectric materials 

case of ferroelectric materials. (Shkuratov, 2019). The schematic and flow chart representing 

classification of piezoelectric materials are shown in Fig. 1.2 (a) and (b), respectively.

1.3 Microstructure of piezoelectric materials

The piezoelectric materials generally have ABO3 type perovskite structure wherein a small 

cation is placed at the center (i.e., B-site), larger cations at the corners (i.e., A-site), and Oxygen 

atoms at the face centre (i.e., O-site) of a unit cell. For example, in a cubic unit cell of BaTiO3,

A-site is occupied by a larger cation (Ba2+), B-site is occupied by a smaller cation (Ti4+) and O-

site is occupied by the anion (O2-), as shown in Fig. 1.3(a). In the absence of external electric 

filed, the centre of positive and negative charges coincides in a unit cell of a non-ferroelectric 

material. However, the position of B-site cation changes due to the influence of external electric 

or mechanical field causing the centres of positive and negative charges to move apart. This, in 

turn, results in the formation of electric dipole in the unit cell of non-ferroelectric material under 

the application external field. However, in the case of ferroelectric material such as BaTiO3, the 

exists in the unit cell even in the absence of external electrical or mechanical field (refer Fig. 

1.3(b)). The process of formation of dipoles or the alignment of the already existing dipoles 

under the application of external electric field is termed as polarization. 
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Figure 1.3 The schematic showing (a) a unit cell of a cubic BaTiO3 crystal, (b) side view of unit 

cell showing the center of positive charged titanium atom not-overlapping with center of 

negative charged ions (Adopted from Khirade and Raut, 2022), (c) different types of polarization 

(Adopted from Mistewicz, 2023).

The types of polarization in piezoelectric material are electronic, ionic and orientation 

(see Fig. 1.3(c)). Electronic polarization arises due to the displacement of the centres of negative 

and positive charges in an atom in the presence of external electric field (see Fig. 1.3(c)), and it 

is observed in all piezoelectric materials. However, the ionic polarization is found only in ionic 

materials where the cation and anions are displaced in opposite direction by the application of 

external electric field. Moreover, the orientation polarization is only present in the ferroelectric 

materials, and the polarization is caused by rotation of these dipoles making them aligned along 

the direction of applied electric field. The total polarization of a piezoelectric material is the sum 

of all three polarizations. It is important to note that among three polarizations, one or more may 

have a negligible influence in comparison to the other.

The region of uniform polarization where all the dipole moments are parallel to each 

other is termed as a domain which is typically 100 nm in size, as shown in Fig. 1.4. There are 

-

domain (all the polarization vectors are out of plain). Further, the domains are separated by the 

domain wall with thickness ~10 nm. 
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Figure 1.4 The schematic representing the microstructure of a polycrystalline piezoelectric 

material (Adopted from Kozinov and Kuna, 2018).  

The length scale in piezoelectric materials can be expressed as: a piezoelectric crystal 

(typically of few cm) comprised of mono grain (single crystal) or multiple grains (poly crystal, 

typically of few ) separated by grain boundaries. Further, in each grain there can be multiple 

domains separated by domain walls.  

1.4  Polarization, hysteresis and butterfly loops 

The performance of ferroelectric materials is often characterized by their hysteresis and butterfly 

loop, which describes the variation of macroscopic polarization and strain with applied electric 

field, respectively, as shown in Fig. 1.5(a) and (b). The macroscopic or effective polarization in a 

ferroelectric material is defined as: 

  (1.1) 

where, V is the total volume of n unit cells and  the polarization of ith unit cell. In the absence 

of external field, all the domains in a ferroelectric material are randomly oriented resulting in net 

polarization of material to be zero (refer Eq. 1.1). This state is referred to as unpoled state (stage 

 marked in Fig. 1.5(a) and Fig. 1.5(c)). When an external electric field is applied, domains 

which are not parallel to the applied field experience an angular momentum which rotates them. 

As applied field is increased, the volume fraction of domains aligned along the electric field 

increases, resulting in the increase in net polarization (the portion of curve from points -  in 

Fig. 1.5(a)). For a sufficiently strong applied field, all the domains become parallel to the applied 

electric field and hence P attains a saturation level (refer Fig. 1.5(d) and stage marked by point 

 in Fig. 1.5(a)). When the applied electric field is decreased gradually, the domains which 

were perfectly aligned to the field starts reorienting slightly, but remain almost parallel to the 

previously applied field even if electric field is drop to zero (refer Fig. 1.5(f) and stage at point 

 in Fig. 1.5(a)). This state is referred to as poled state of a piezoelectric material, and the 

value of net polarization,  at this stage is referred to as remanent polarization. The process 

involving stages corresponding to points -  is referred to as poling of ferroelectric material.  
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Figure 1.5 The representative (a) polarization-electric field loop (hysteresis loop) and (b) strain-

electric field loop (butterfly loop) of the piezoelectric material (Adopted from Dahiya, 2013). 

The schematic representing (a-c) the orientation of domains during poling process of a 

ferroelectric material (Adopted from Baker, 2018).

iii

iv

1.5(a). The electric field required to make this polarization zero is termed as coercive field. 

However, if the electric field is continued to increase in opposite direction, polarization in 

opposite direction will develop. The process will be repeated further for the opposite polarization 

direction in a similar manner as explained above. It is important to note that during the above 

discussed process the crystal will experience strain, and the corresponding variation in strain 

with applied electric field is shown by Fig. 1.5(b). The value of strain in the poled state of a 

piezoelectric material is referred to as remanent strain, . It is important to note that the slope of 

strain-electric field loop at zero electric field represents the piezoelectric coupling coefficient, d33

(assuming that the electric field is applied along 3rd direction and the strain along third direction 
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is measured). Similarly, the slope of polarization-electric field loop at EC gives the value of 

dielectric susceptibility, denoted by hereafter.

1.5 Relaxor ferroelectrics

The relaxor ferroelectrics have gained huge attention in the piezoelectric community due 

to its excellent electromechanical properties which is achieved through domain engineering. For 

example, the [001] poled rhombohedral PMN-PT and PZN-PT exhibit a very large piezoelectric 

coupling coefficient (~2500 pC/N), electric field induced strain (>1%) and electromechanical 

coupling factor (~90%) (Park and Shrout, 1997a; Park and Shrout, 1997b; Yang et al., 2021). 

The relaxor ferroelectrics are distinct from the ferroelectric materials in the sense that the former 

exhibit a diffused maximum of the dielectric constant and a broad frequency dependent dielectric 

response (refer Fig. 1.6(b)), whereas the latter have a sharp dielectric which is insensitive to the 

frequency of applied electric field (see Fig. 1.6(a)). Further, the dielectric constant decreases and 

shifts towards higher temperature with increase in frequency as shown in Fig. 1.6(b). In addition, 

the dielectric constant and dielectric loss peak do not coincide with each other at a same 

frequency. This relaxor behavior in these materials is caused by the presence of polar micro 

and/or nano regions in the material. These regions are small regions with local polarization 

which react differently to the external field in comparison to the remaining material, therefore 

causing a diffuse and frequency-dependent broad dielectric maximum.
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Figure 1.6 Dependence of dielectric properties on temperature and frequency for (a) ferroelectric 

PZT (Adopted from Mudinepalli and Leng, 2019) and (b) relaxor ferroelectric PMN (Adopted 

from Lee et al., 1999).

The relaxor ferroelectric materials may exhibit different crystal structure, commonly 

referred to as phases, depending on the orientation of polarization vector. For example, a PMN-

PT crystal may exhibit tetragonal (P4mm), orthorhombic (mm2) and rhombohedral (R3m) phase. 

The tetragonal phase has 6 possible polarization direction pointing along <001> direction, 

whereas for rhombohedral and orthorhombic, there exist 8 and 12 possible polarization direction 

along <111> and <011>, respectively (refer Fig. 1.7) (Qiang et al., 2012). For a given crystal 

structure (phase), the domains may be oriented in any one direction out of the possible direction 

for corresponding phase. In the presence of external electric field, the preferred polarization 

direction would near to parallel to the applied field. It is important to note that there are few 

Figure 1.7 The schematic representing the orientation of polarization vector associated with 

different phases (Adopted from Luo et al., 2013; Marton et al., 2010).

other polarization directions which act as a bridge between these three phases. For instance, 

monoclinic A (Cm), monoclinic B (Pm) and monoclinic C (Cm) act as a bridge between 
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tetragonal to rhombohedral, rhombohedral to orthorhombic and orthorhombic to tetragonal 

phase, respectively (Luo et al., 2013). Further, these phases can be transformed from one to other 

by applying pressure (Ahart et al., 2012), electric field (Wu and Cohen, 2017) and/or temperature 

(Noheda et al., 2002). 

1.6  Porous piezoelectric materials 

The porous piezoceramics has gained attention in the recent past due to their added 

advantage over bulk piezoceramics, such as improved impedance matching, Z, increased 

hydrostatic strain coefficient, dh, hydrostatic voltage coefficient, gh, piezoelectric voltage 

coefficient, g33, and the energy harvesting figure of merit, FOM. Owing to enhanced 

performance parameters, porous piezoelectric materials are to be more suitable for acoustic, 

biomedical, sensing and energy harvesting applications (Bowen et al., 2004). For example, 

introduction of pores reduces the acoustic impedance of sensor material to a level nearer to the 

surrounding medium such as air, water, or human tissue resulting in lower reflection of sound 

energy at the interface (Geis et al., 2002). Also, it increases the hydrostatic strain, and voltage 

coefficient making porous hydrophone useful in detecting low frequency signals, hence 

enhancing sensitivity of the device such as hydrophone (Bowen et al., 2004). The porous 

piezoceramics can be classified in three classes based on the size of the pore: (a) macroporous (d 

> 50 nm), (b) microporous (d < 2 nm) and (c) mesoporous (2 nm < d < 50 nm) (Marcadelli and  

 

 

Figure 1.8 the schematic showing (a) 3-0 type, (b) 3-1 type, and (c) 3-3 type pore connectivity in 

solid piezoelectric medium (Adopted from Singh et al., 2013). 

Galassi, 2020). They can also be classified based on connectivity of pore with piezoelectric 

media. The pore connectivity is represented using two-digit numbers, where the first digit 
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represents the connectivity of active piezoelectric phase and second digit corresponds to the 

connectivity of the passive pore phase (air, polymer and piezoelectric) (Newnham et al., 1978). 

For example, 3-1 type porous piezoceramic means aligned pores in piezoelectric matrix as shown 

in Fig. 1.8(b). Similarly, 3-3 type porous piezoceramic corresponds to a fully interconnected 

piezoceramic matrix and pores (refer Fig. 1.8(c)).

The porous piezoceramic can be fabricated with different microstructures and geometries 

using various techniques such as (a) burnt-out polymer spheres method (BURPS), (b) replica 

template method, (c) gel casting, (d) freeze casting and (e) additive manufacturing (Yan et al., 

2021). The freeze casting technique is seen to be the most attractive approach to fabricate porous 

piezoceramics because it provides processing flexibility to control the morphology, 

microstructure, and properties of porous piezoceramics. Further, a highly aligned pore structure 

Figure 1.9 SEM images of the parallel-connected (perpendicular to the freezing direction) 
porous PZT at a porosity of 40 vol% with high magnification images shown in (b) (Adopted 
from Zhang et al., 2017).

structure with pore size of 3 to 100 m can be achieved using this technique as shown in Fig. 1.9 

(Zhang et al., 2017). Additionally, the pore volume fraction of porous piezoceramics can be 

varied in a broad range (typically between 20 to 70%). It is important to note that dielectric (Guo 

et al., 2011), piezoelectric (Yan et al., 2021), and mechanical (Zhang et al., 2015) properties can 

be better optimized using this technique as compared to the other methods.

1.7 Indentation experiments
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The indentation is a non-destructive technique to determine the mechanical properties 

such as hardness and elastic modulus. An indenter has specific geometry such as cylindrical, 

spherical, conical, 3-sided diamond (berkovich), 4-sided pyramid (Vickers and Knoop). The 

indentation experiments consist of 3 cycles: (a) loading, (b) holding or dwell and (c) unloading. 

During loading, the indenter is pushed on the surface of the specimen at a prescribed loading 

rate, whereas during dwell, the indenter is held at the peak load, and during unloading, the 

indenter is pulled back from the specimen. The indentation experiments are either load 

controlled, or displacement controlled. Generally, two types of indentation experiments are 

performed at micro and nano scale, named micro indentation and nanoindentation, respectively.

1.7.1 Micro-indentation 

In general, the microhardness is performed using Vickers indenter and Knoop indenter as 

shown in Fig. 1.10. 

Figure 1.10 (a) Schematic representing the Vickers indenter with the imprint, and (b) the 

corresponding schematic for Knoop indenter (Adopted from Kamm and Vander, 2015).

The Vickers hardness, HV, is defined as:

(1.2)

where P is indentation load in gram-force, AS is surface area of the indent in mm2, is face 

angle of the indenter (136 ), d is mean of the indent diagonal ( m).
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1.7.2 Nano-indentation

The nanoindentation which is also knows as instrumented indentation testing, was 

developed in 1970 with an objective to determine the hardness of a small volume of the material. 

well as thin films. In this experiment the indentation load, P and indentation depth, h is 

continuously recorded and plotted against each other. Further, the Oliver and Pharr (O&P) 

method (Oliver and Pharr, 1992) is employed to determine Hardness, H, given by:

(1.3)

here, is contact area, where is contact depth and it is estimated after considering 

the sink-in effect as:

(1.4)

Figure 1.11 (a) Schematic representing the berkovich indenter (Bhushan, 2017) and (b) the load-

depth curve obtained after indentation (Adopted from Oliver and Pharr, 1992).

In Eq. 1.4, is maximum indentation depth (refer Fig. 12(b)), is a constant which depends 

on the indenter geometry (for berkovich indenter ), and S is the stiffness which is 

determined by the slope of initial unloading curve (see Fig. 1.11(b)). 

1.7.3 Indentation fracture toughness 
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The fracture toughness is defined as the material capability to resist crack propagation, 

and it is a very useful material property to characterize the brittleness of a material. It is 

quantified by the critical stress intensity factor at which the crack propagation initiates. However, 

the indentation fracture toughness is an alternate method to calculate the fracture toughness of 

ceramics mostly. The indentation fracture toughness, , is given by (Anstis et al., 1981):  

 
 

(1.5) 

Here, P is the indentation load in N, c is the half crack length in , E is the elastic modulus in 

GPa. 

1.8 Review of pertinent literature 

1.8.1 Deformation response of piezoelectric materials 

In this section, the deformation response with primary focus on the indentation and 

fracture response of piezoelectric materials is discussed. 

1.8.1.1 Indentation response of ferroelectric materials 

It is well known that piezoelectric materials are brittle in nature with very low fracture 

toughness ( generally varies between  (Wang and Singh, 1998; Calderon-

Moreno et al., 2008), hence the reliability of their devices is always questionable, especially 

when subjected to contact forces. It has been seen that the domain state and poling direction 

influence the hardness as well as fracture toughness of piezoelectric materials (Kathavate et al., 

2021a). This has encouraged the researchers to investigate the deformation and fracture behavior 

of piezoelectric materials under mechanical loading such as indentation.  

The instrumented micro-indentation experiments were performed on PZT-4 and BaTiO3 

using spherical indenter to study the effect of poling (poled and unpoled) and type of indenter 

(conducting and insulating) on the indentation stiffness (Ramamurthy et al., 1999). The results 

show that the indentation stiffness of BaTiO3 depends on the type of indenter used in the 

experiments. Similar indentation experiments were conducted on PZT-4 and (Ba0.917Ca0.083)TiO3 

by Sridhar et al. (1999) to study the effect of poling, poling direction and indentation velocity on 
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the current induced on the conducting indenter. They noticed rapid increase in current during the 

initial stage of indentation followed by gradual increase in the remaining stage. The increase in 

the velocity of indenter increases the magnitude of current, and polarity of the induced current 

changes with change in poling direction. Further, the effect of indenter size, poling and type of 

indenter is also studied on the indentation strength and stiffness of PZT by Kamble et al. (2009). 

They performed indentation experiments, complementary finite element simulations, and 

Fractography to elucidate the underlying mechanism governing the higher strength in poled PZT. 

The finite element simulations of nano-indentation were also performed using linear 

piezoelectric theory to study the effect of indenter geometry, poling direction and type of 

indenter on indentation load vs indentation depth response, indentation stiffness, indentation  

 

 

Figure 1.12 The schematic showing (a) type of indenter geometry, (b) the poling direction and 

(c) the type of indenter for the indentation simulation (Adopted from Cheng and Venkates, 

2013). 
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induced charge and electric field (cheng and Venkatesh, 2012; Cheng and Venkatesh, 2013a; 

Cheng and Venkatesh, 2013b) (refer Fig. 1.12). Further, Liu and Yang (2012) also performed FE 

simulations to understand the effect of indenter type (conducting, insulating and equal potential) 

on the variation of radial, hoop and normal stress, electric field, electric charge and piezoelectric 

coupling coefficient with indentation depth. In addition, they studied the effect of loading 

direction on indentation induced potential by varying the angle between indenter axis and PZT 

axisymmetric axis (Liu and Yang, 2013). 

Indentation studies (Zhang et al., 2020; Man et al., 2020; Scholz et al., 2007; Hurtado-

Macias et al., 2008; Swadener et al., 2002; Gharbi et al., 2009; Jin et al., 2008; Joseph et al., 

2020; Kathavate et al., 2021a; Kathavate et al., 2021b; Kathavate et al., 2021c; Gaillard et al., 

2009; Buchs et al., 2009; Robinson et al., 2012) performed on various piezoelectric materials 

suggest that for geometrically self-symmetric indenters, the hardness decreases with increase in 

load, and the phenomenon is termed as indentation size effect (ISE). Such phenomenon has been 

observed for ferroelectric (such as BaTiO3 and PZT) as well as relaxor ferroelectric material 

(such as PZN-PT, PIN-PMN-PT, and PMN-PT) during micro-indentation and nano-indentation 

experiments.  For instance, Jin et al. (2008) reported ISE in [111]-oriented PZN-PT single crystal 

from Vickers micro-indentation experiments which they explained by arguing that the resistance 

offered to the indenter by the inner layers of the material increases with an increase in 

indentation load. The Vickers micro-indentation performed by Joseph et al. (2020) also reported 

ISE in [001]-oriented PMN-0.36PT and samarium-modified lead titanate ceramics, respectively. 

However, the mechanistic reasons for ISE were not discussed.  

The nanoindentation experiments (Scholz et al., 2007; Gharbi et al., 2009; Gharbi et al., 

2011; Kathavate et al., 2021a; Kathavate et al., 2021b; Hurtado-Macias et al., 2008; Man et al., 

2020; Zhang et al., 2020) are also used to study the ISE in piezoelectric materials. For instance, 

Scholz et al., (2007) observed significant drop in hardness during nanoindentation experiments 

on [001] oriented BaTiO3 single crystal, which they attributed to the strain hardening caused by 

the increase in the density of the geometrically necessary dislocations (GNDs) during initial 

stages of indentation as suggested by Nix-Gao (Nix and Gao, 1998). The GND-induced strain 

hardening causing ISE in ferroelectric materials have been advocated by various other authors as 

well (Gharbi et al., 2009; Gharbi et al., 2011; Hurtado-Macias et al., 2008; Zhang et al., 2020; 
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Man et al., 2020; Robinson et al., 2012).  Gaillard et al. (2009) suggested that the activation of 

<110>{110} slip system and twins in response to nanoindentation on [001] and [110] oriented 

BaTiO3 caused the drop in hardness in these crystals. Hurtado-Macias et al. (2008) also noticed 

ISE in polycrystalline PZT during nanoindentation experiments performed using sphero-conical, 

berkovich, and conical indenters. They were able to explain ISE using modified GND-based 

model (Swadener et al., 2002) except for the case of spheroconical indenter with larger radius. 

Thus, they concluded that the ferroelastic response should also be considered to explain ISE for 

larger indenter radius. Gharbi et al. (2009, 2011) proposed an analytical model by incorporating 

the flexoelectric effects to explain the ISE in BaTiO3 single crystal. Using this theory, they were 

able to predict the variation of the ratio of the contact stiffness and contact radius with respect to 

the contact radius very closely to that observed in the nanoindentation experiments. However, 

they also suggested that the dislocations and domain wall activities beneath the indenter cannot 

be ignored completely while explaining the ISE. The ISE in ferroelectric materials is also 

believed to be caused by domain switching during indentation (Kathavate et al., 2020; Kathavate 

et al., 2021a; Kathavate et al., 2021b).  

Further, the response of the sensors and/or actuators made from these materials reported 

strong dependency on the type of loading and loading rate (Xie et al., 2021; Sekhar et al., 2021). 

Therefore, the influence of loading rate on the indentation response of piezoelectric materials 

needs to be studies. To this end (Man et al., 2020) investigated the effect of strain rate on the 

indentation modulus in PMN-PT single crystals during nanoindentation experiments. The 

hardness versus load curves reported them also show ISE for all the strain rates considered by 

them, but they did focus on the ISE and hence did not discuss on the effect of strain rates on ISE.  

Several studies have been performed to understand the mechanics of ISE by employing 

-Kendall (H-K) model 

(Hays and Kendall, 1973), Proportional specimen resistance (PSR) model (li and Bradt., 1993; Li 

and Bradt., 1996), and modified proportional specimen resistance (MPSR) model (Gong et al., 

1999a; Gong et al., 1999b). These models have also been employed to explain the ISE observed 

during nanoindentation in polycrystalline PMN-PT (Kathavate et al., 2021a), PZT (Kathavate et 

al., 2021b). However, such models have not been applied on the rate dependent nano-indentation 

response of PMN-PT single crystals. It is not clear if these models are capable of explaining the 
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ISE in PMN-PT crystals for different strain rates. Thus, the mechanics of rate dependent ISE in 

PMN-PT single crystals is not well understood yet.

The hardness anisotropy which corresponds to the variation in hardness of a material with 

change in temperature, electric field, and poling direction is an important aspect of indentation 

response of piezoelectric materials. It has been observed for various piezoelectric materials for 

instance PZT, BaTiO3, and PMN-PT while performing micro indentation and nanoindentation 

experiments (Kathavate et al., 2021a; Zhou et al., 2014; Park et al., 1998; Zeng et al., 2008, 

Wang et al., 2021). Recently, Kathavate et al. (2021a) reported the variation in nano and micro-

hardness with annealing temperature for soft and hard PZT, which has been attributed primarily 

to the change in domain state due to annealing.  The variation in hardness with the applied 

electric field has also been reported by Zhou et al. (2014) for PMN-0.38PT, which they attributed 

to the change in material resistance to indentation owing to the rotation of polarization vectors. 

Figure. 1.13 The schematic showing the crack patterns for indentation experiments performed 

on (a,b) poled samples with loading (a) parallel to poling direction and (b) perpendicular to 

poling direction, and (c) on unpoled specimen. The indentation fracture toughness for (d) KNN, 

(e) NBT-BT and (f) PZT (Adopted from Wang et al.,2021) .

Park et al. (1998) reported the hardness anisotropy by changing the orientation of the major 

diagonal of the Knoop indenter with respect to the poling direction for both single crystal as well 
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as polycrystalline BaTiO3. Zeng et al. (2008) noticed higher hardness for indentation against 

poling direction as compared to indentation along the poling direction in PZN-PT single crystals, 

thus they reported anisotropy in nano-hardness with respect to the poling direction. The hardness 

anisotropy is also noticed in lead free piezoceramic (NBT-6BT), 

KNN and PZT by Wang et al. (2021) while performing indentation perpendicular and parallel to 

the poling directions. 

The change in fracture toughness or crack length with the change in the direction of 

poling is commonly referred to as fracture toughness anisotropy. Such anisotropy pertaining to 

indentation fracture has been reported by various authors (Mehta and Virkar, 1990; Calderon-

Moreno et al., 2008; Chen et al., 2020; Wang et al., 2021). For example, Wang et al., (2021) 

reported different values of crack length (refer Fig. 1.13 (a)-(c)) and indentation fracture 

toughness (refer Fig. 1.13 (d)-(f)) for NBT-BT, KNN and PZT while performing indentation 

parallel and perpendicular to the poling direction. All four cracks emanating from the diagonal of 

indent imprint are equal in length for unpoled sample (refer Fig. 1.13(c)) and indentation imprint 

parallel to poling direction (refer Fig. 1.13(a)), whereas these are different in length for 

indentation perpendicular to poling direction (refer Fig. 1.13(b)). Further, in the case of 

indentation perpendicular to the poling direction (Fig. 1.13 (b)), fracture toughness along the 

direction parallel to the poling direction ( ) was found to be larger than that perpendicular to 

the poling direction,  (refer 1.13 (d)-(f)), which has been attributed to the change in remnant 

strain due to domain switching along the former direction.  

Further, Mehta and Virkar, (1990) have also reported smaller crack length along parallel 

to poling direction during perpendicular indentation on pre-compressed and poled polycrystalline 

PZT which they correlated to the toughening caused by energy absorption through domain 

reorientation (  domain switching) near the crack tip region. The smaller crack length along 

parallel to poling direction was also noticed by Calderon-Moreno et al., (2008) during 

indentation experiments on PZT and  (PCT) piezoceramics. They also correlated 

the observed anisotropy to the difference in the domain rotation caused by different crack tip 

stress field along the two directions. Chen et al., (2020) studied the fracture toughness anisotropy 

on Nb/Ce doped PZT and suggested that the smaller crack length along parallel to poling 

direction is caused by tensile stress induced 90  in-plane domain switching ahead of the crack 
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tip. Further, with the help of R-curves, it is also shown that the shielding toughness is almost 

twice for indentation along parallel to poling direction than perpendicular to poling direction.  

1.8.2 Performance of porous piezoceramics 

Recently, Zhang et al. (2017) fabricated porous PZT using freeze casting technique and 

determined the figure of merit governing, FOM energy harvesting characteristics of this material. 

They reported that figure of merits depends on the volume fraction of pores (i.e., porosity), and 

for porous PZT with 60% porosity, it was around 1.6 times higher than dense PZT. Similarly, 

Sun et al. (2024) reported nearly 4 times higher FOM for 50% porous BCZT as compared to the 

corresponding dense material. Further, Roscow et al. [2018] measured maximum voltage 

generated across the charged capacitor of 45% porous and dense BaTiO3 and reported much 

higher voltage, around 234 mV, in the former than a low value of 96 mV in the later. A similar 

enhancement in piezoelectric voltage coefficient, g33 for porous PVDF and BCZT has been 

reported by Zhang et al. (2019) and Sun et al. (2024), respectively.  

Since the performance parameters are related with the effective electromechanical 

properties of a porous piezo, therefore various studies have been undertaken to determine the 

effective properties of these material using analytical, experimental and numerical techniques. 

Most of the analytical models are (a) micromechanics based (Hashmimoto et al., 1986) Banno et 

al., 1987), (b) Eshelby-type (Dunn et al., 1993; Mikata et al., 2000), and (c) asymptotic 

homogenization based (Bravo et al. 2001; Silva et al., 1998). These models are suitable for 

simple pore geometry, but it is quite cumbersome to apply these models for realistic shapes of 

pores, therefore numerical homogenization techniques based on finite element method has been 

developed (Gupta and Venkatesh, 2007). These approaches are found to be convenient to model 

an intricate shape of pores, and have been employed to optimize shape, size, connectivity, and 

orientation of pores with respect to poling direction to achieve desirable performance parameters 

in porous piezoceramics (Gupta and Venkatesh, 2006; Gupta and Venkatesh, 2007; Iyer and 

Venkatesh, 2010; Iyer and Venkatesh, 2011).  

For example, Gupta and Venkatesh (Gupta and Venkatesh, 2006; Gupta and Venkatesh, 

2007) studied the effect of shape and orientation of pores in porous  having 3-1 type of 

connectivity and found that elliptical pores with major axis aligned along  and  with 

respect to loading direction exhibit optimum performance parameters (Gupta and Venkatesh, 
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2007). They also reported higher sensitivity when pore-axis was perpendicular to the loading 

direction (i.e. transversely porous) (refer Fig. 1.14(b)). Iyer and Venkatesh (2010) studied the 

influence of connectivity of spherical and cylindrical pores in , and 

porous piezoceramics. They found that the 3-0 type of pore-connectivity results in better 

performance parameters in comparison to 3-1 type, irrespective of the material, while porous 

gives better results for all three pore-connectivity. They extended this study and 

analyzed the behavior of flat cuboidal and short cylindrical shaped pores with 3-0 type 

connectivity in identical materials and reported that former gives much higher performance 

parameters in comparison to other pore shapes (Iyer and Venkatesh, 2011). 

It must be mentioned that in all the above numerical studies, the finite element 

simulations are performed by employing periodic boundary conditions on a unit cell having 

either a single pore or uniform distribution of multiple pores. The deformation of such unit

Figure. 1.14 The schematic represents the orientation of uniformly distributed pore (a) parallel 

to poling direction (longitudinal porous), (b) perpendicular to poling direction (transverse 

porous) (Gupta and Venkatesh, 2006). (c)-(f) the schematic showing random distribution of 

circular pore and (g)-(j) random distribution of elliptical pore with rotation of pore (Adopted 

from Khachaturyan et al., 2016).

cells mimics the response of a porous piezoceramic having uniform distribution of pores. A 

similar approach has also been employed to study the effect of pore-connectivity in porous-foam 
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PMN-0.33PT and PZT-7A (Singh et al., 2013; Bosse et al., 2012). However, it is not clear from 

these studies that how does the performance of porous piezoelectric material change if the 

distribution of pores is nonuniform. Therefore, various researchers have performed finite element 

simulations by considering random distribution of pores (refer Fig. 1.14(c)-(j)) (Khachaturyan et 

al., 2016; J. Schultheiß, et al., 2019; Lewis et al., 2011). These studies were performed by 

considering the effect of poling electric field on the polarization of piezoelectric matrix 

surrounding pores filled with air (Khachaturyan et al., 2016; J. Schultheiß, et al., 2019; Lewis et 

al., 2011). Thus, the polling is not considered to be spread uniformly throughout the volume of 

the piezoceramic matrix in these studies, instead the part of the matrix is taken to be partially/un-

polarized. This, in turn, resulted in, lower values of simulated effective  in porous materials. 

Following this approach, a close collaboration in the predicted values of  from finite element 

simulations on porous piezoceramics and the corresponding experimental data was reported 

(Lewis et al., 2011). For example, Lewis et al. (2011) successfully predicted the values of 

performance parameters of porous PZT-5H almost similar to that obtained from experiments 

through finite element simulations considering partial polarization  

1.9 Issues for investigation 

Based on the literature reviewed in section 1.9, the following issues have been identified for 

investigation in this thesis. 

1.9.1 Indentation behavior of PMN-PT single crystals 

1. It can be deduced from Sec. 1.9.1 that the mechanistic reasons for ISE observed in 

relaxor ferroelectric materials during micro-indentation are not well explained, though it 

has been hypothesized by few authors (Gharbi et al., 2009; Gharbi et al., 2011; Hurtado-

Macias et al., 2008; Zhang et al., 2020; Man et al., 2020; Scholz et al., 2007) that it is 

caused by increase in the resistance offered to the indenter by the inner layers of the 

material with enhancement in load. However, it is not clear why and how the hardness 

was higher at lower indentation load. The potential reason for ISE in these materials 

might be polarization rotation induced phase transformation, which has not been explored 

yet.  
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2. Further, the indentation response of relaxor ferroelectric PMN-0.32PT has not been 

studied in detail till now, despite showing excellent piezoelectric properties.  

3. Though ISE could be seen in the hardness versus contact depth data for different strain 

rates reported by Man et al. (2020), it was not the primary objective of their work. 

Therefore, Man et al. (2020), did not focus in explaining the mechanistic reasons for ISE 

at different strain rates. Thus, the effect of strain rates on the ISE in PMN-PT single 

crystals is not well understood yet. 

4. For perpendicular indentation, the larger KIC along the direction parallel to poling is 

reported in the literature (Mehta and Virkar, 1990; Calderon-Moreno et al., 2008; Chen et 

al., 2020; Wang et al., 2021) which is attributed to (i) the change in remanent strain due 

to domain switching, (ii) the toughening caused by energy absorption through domain 

reorientation (  domain switching) near the crack tip region, (iii) the domain rotation 

caused by different crack tip stress field and (iv) the tensile stress induced 90  in-plane 

domain switching ahead of the crack tip. Though these studies shed some light on the 

crack length and fracture toughness anisotropy, the complete mechanism of domain 

switching leading to such anisotropy is not well explained. Therefore, it can be deduced 

that the understanding of potential reasons for the anisotropic behaviour is still far from 

complete. Further, the study on relaxor ferroelectrics especially PMN-0.28PT and PMN-

0.32PT which lies near the morphotropic phase boundary is still lacking. 

1.9.2 Performance of porous PMN-PT 

1. It should be noted from the discussion in Sec. 1.9.2 that the studies on porous 

piezoceramics are focused on the analyzing the performance of porous PZT, BaTiO3, 

PZT-PZN, ,  and BCZT. However, no such study has been 

undertaken for porous PMN-PT despite its excellent electromechanical properties, though 

porous-foam of PMN-0.33PT has been investigated (Singh et al., 2013). It must be noted 

that porous-foam PMN-PT is distinct from porous PMN-PT in the sense that the former 

exhibit different structure wherein the pores are not connected with each other and 

separated by continuous ceramic matrix (Bowen et al., 2004). Therefore, the outcome of 

the studies on porous-foam PMN-PT may not be directly applicable to porous PMN-PT, 

and hence there is need to undertake the study on porous PMN-PT.  
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2. Further, noting the excellent electromechanical properties of PMN-PT, it would 

interesting to analyze the energy harvesting capacities of its porous having different 

porosity, which has not investigated yet, though such studies has been performed on 

dense (Song et al., 2009) as well as composite (Balé et al., 2019) PMN-PT.     

3. As mentioned in Sec. 1.9.2, the finite element simulations are performed with the 

objective of determining the optimum shape and size of pore in order to achieve best 

possible performance parameters. However, these studies are performed by considering 

uniform and random distribution of pores. The recent advancement in the manufacturing 

techniques for porous material provides leverage to explore non-uniform but controlled 

distribution of pores which might result in significant improvement in performance 

parameters. Such studies have not been undertaken in the past.   

1.10 Objectives and scope of thesis 

Based on the issues identified in the previous section, the objectives of the current work are 

framed as follows: 

 To perform micro-indentation experiments on [001] oriented poled PMN-0.32PT single 

crystal against the poling direction. 

- To study the indentation response of this material. 

- To examine the indentation sites using XRD and Raman spectroscopy for 

determining the possibilities of phase transition beneath the indenter. 

- To elucidate the underlying mechanism governing the ISE in these 

materials. 

 To perform micro-indentation experiments keeping loading parallel and perpendicular to 

the poling direction on [001] oriented poled PMN-0.28PT and PMN-0.32PT single 

crystals. 

- To study the effect of loading direction with respect to the poling direction 

on the hardness and indentation fracture toughness. 

- To study the effect of composition on the hardness and indentation 

fracture toughness. 
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- To estimate the domain orientation along the crack emanating from the 

corners of the imprint and elucidate the possible mechanism for fracture 

toughness anisotropy. 

 To perform nano-indentation experiments on [001] and [011] oriented poled PMN-

0.32PT single crystals against the poling direction at different strain rate and determine 

the mechanistic reasons for strain dependent ISE in these crystals. 

 To fabricate the porous PMN-PT with different porosity % using water-based freeze 

casting technique. 

- To study the effect of porosity on the piezoelectric properties. 

- To determine the voltage output by the application of different forces for 

various porosity %. 

 To perform 3-D finite element simulation on porous PMN-0.32PT having non uniform 

distribution of pores by using linear elastic piezoelectric theory. 

- To study the effect of use of PMN-0.32PT as a matrix material on the 

performance parameters. 

- To study the effect of pore orientation with respect to poling direction on 

the performance parameters. 

1.11 Organization of thesis 

The remaining parts of the thesis are organized as follows: 

In Chapter 2, the micro-indentation experiments are performed on PMN-0.32PT single crystal. 

The polarization rotation induced phase transformation mechanism is proposed for the observed 

ISE.  

In Chapter 3, the micro-indentation experiments are performed against as well as perpendicular 

to poling direction on PMN-0.32PT and PMN-0.28PT single crystals. The domain switching 

mechanism is proposed based on the  values for explaining different crack lengths along and 

perpendicular to the poling direction for perpendicular indentation.  

In Chapter 4, the nano indentation experiments are performed on [001] and [011] oriented poled 

PMN-0.32PT single crystal at different strain rates. The strain rate dependent ISE is explained 

using different mechanistic models of ISE. 
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In Chapter 5, the porous PMN-PT is fabricated using freeze casting technique with different 

volume fraction of pores. The effect of pore volume fraction on voltage output at different load is 

determined and an optimum volume fraction is proposed with good mechanical strength and 

voltage output is determined.  

In Chapter 6, the effect of various novel non-uniform pore distributions of circular, elliptical, 

hexagonal and square shaped pore on the performance parameters of longitudinal as well as 

transverse porous PMN-0.32PT is studied using finite element simulations. The guidelines for 

designing porous PMN-0.32PT with enhanced performance parameters is also provided. 

In Chapter 7, the important conclusions drawn from the chapter 2-5 are summarized and the 

possible further works are also discussed. 
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CHAPTER 2 

Indentation induced phase transformation of PMN-0.32PT single crystal 

2.1 Introduction 

The relaxor ferroelectric materials exihibit excellent electromechanical properties in 

comparison to other piezoelectric materials (Park and Shrout, 1997a; Park and Shrout, 1997b; 

Yang et al., 2021). The electromechanical response in these materials is due to the presence of 

ferroelectric domains which are spindle-like regions of directionally aligned dipoles along 

distinct polarization directions (Zhou et al., 2014; Wada et al., 2004; Sun and Cao, 2014). The 

polarization vector of these domains may rotate under the application of an external electric, 

mechanical and thermal field (Kathavate et al., 2020; Kathavate et al., 2021; Schneidar et al., 

2005; Zeng et al., 2008; McLaughlin et al., 2004; McLaughlin et al., 2005; Shang and Tan, 2001; 

Xu et al., 2005, Yu et al., 2005; Li and Fang, 2004; Fang and Yang, 2003), which is commonly 

referred to as domain switching. The domain switching may also lead to the phase 

transformation which is referred to as polarization-rotation induced phase transformation. It must 

be noted that ferroelectric devices are often subjected to contact forces which may lead to 

domain switching/phase-transformation resulting in poor electromechanical properties and sub-

standard performance or mechanical failure in some cases (Zhou et al., 2014; Okayasu et al., 

2011; Li et al., 2005).  

  Recent indentation experiments performed on single crystals of relaxor ferroelectric 

materials such as PZN-PT, PIN-PMN-PT and PMN-PT showed reduction in hardness with 

indentation load/depth which is referred to as indentation size effect, ISE (Jin et al., 2008; Man et 

al., 2020; Zhang et al., 2020; Joseph et al., 2022). Though the mechanistic reasons for ISE in 

these materials are not well explained, it has been hypothesized by few authors that ISE is caused 

by increase in the resistance offered to the indenter by the inner layers of the material with 

enhancement in load (Jin et al., 2008). However, it is not clear why and how the hardness was 

higher at lower indentation load. On the other hand, few authors argued that the hardening 

caused by geometrically necessary dislocations, GNDs at lower load is responsible for ISE in 
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relaxor ferroelectric materials (Man et al., 2020; Zhang et al., 2020). However, no direct or 

indirect experimental evidence for GNDs in relaxor ferroelectrics has been reported yet. The 

potential reason for ISE in these materials might be polarization rotation induced phase 

transformation, which is not explored till date. Also, the indentation response of relaxor 

ferroelectric PMN-0.32PT has not been studied in detail, despite having excellent piezoelectric 

properties.

Therefore, in this chapter, indentation response of PMN-0.32PT single crystals are 

studied through Vickers micro-indentation experiments. The organization of this chapter is as 

follows. The material and experimental procedure is briefly described in section 2.2, the 

important results obtained in this study are discussed in section 2.3 and 2.4.

2.2 Materials and experiments

2.2.1 Materials

The cubical shaped ( ) PMN-0.32PT single crystals orientated along 

[001] directions are purchased from TRS Technologies (State College, PA). These crystals were 

grown directly from the melt by using the Bridgman technique and coated with 500Å Cr and 

Figure 2.1 (a) Representative XRD pattern of as-received poled PMN-0.32PT single crystal. (b) 

AFM line scan of the polished sample with average roughness Ra=0.964 nm in scan size of 5 5 

m.
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2000Å Au for poling. The unpoled crystal was in Rhombohedral (close to pseudocubic) state, 

while poling along [001] direction aligns all the polarization vectors along the vertical [001] 

direction resulting in a Tetragonal Phase (Bai et al., 2004; Li et al., 2008). The piezoelectric 

coupling coefficient, d33 was measured to be  through wide range d33 meter, 

APC International Ltd. Before indentation, the surface was mirror-polished by using diamond 

paste of  and cleaned ultrasonically. Fig. 2.1(b) shows the line scan of polished surface 

by atomic force microscope, AFM. The average surface roughness, Ra measured in 5 5 m2 

region is found to be 0.964 nm which confirms good surface finish. 

2.2.2  X-ray diffraction (XRD) 

  The X-Ray diffraction (XRD) (Rigaku RINT SmartLab 2000, Japan) analysis is 

performed in a XRD setup equipped with 9 KW rotating anode operating in the Bragg-Brentano 

geometry and fitted with a graphite monochromator in the diffracted beam. In this analysis, 

 radiation is utilized in the diffraction angle range of  with a step width of 

and holding time of 10 sec. The crystal orientation of as received PMN-0.32PT single 

crystals is confirmed by comparing the XRD patterns of this crystal with that of PMN-0.28PT 

reported by (Lu et al., 2019) (refer Fig. 2.1(a)). Note that in Fig. 2.1(a), the peaks near , 

 and  are associated with (001), (111) and (002) planes. As can be seen that the intensity 

corresponding to (111) plane is negligible in comparison to that pertaining to (001) and (002) 

planes confirming crystal growth along the (001) direction. 

2.2.3  Vickers micro-indentation 

  The Vickers micro-indentation (Micro Mach Technologies, India) experiments are 

performed on (001) surface by applying the load in a direction opposite to the poling direction. 

Further, the experiments are performed under load control by applying maximum loads  = 

0.098, 0.245, 0.49, 0.98, 1.96, 2.94 N. The tip velocity used for loading and unloading is 

, while the load was held constant for 15 sec after attaining .  Furthermore, ten 

indentations are performed at each load to ensure reproducible statistical data, and the mean 

value of the microhardness, HV and indentation fracture toughness (KIC) are reported along with 

the standard deviation by using error bars. Also, the distance between the successive indents is 

chosen to be at least 15-20 times the indentation depth to avoid the interaction of the strain field.   
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2.2.4  Raman Spectroscopy 

  The Raman spectroscopy (Horiba Labram hr evolution) is used to investigate the 

pressure-induced phase transformation underneath the indenter. The LABRAM HR dispersive 

spectrometer equipped with a 633 nm excitation laser source with a grating of 600 grooves/mm. 

Further, a 50× magnification glass-compensating objective was used, and the beam power was 

kept <1 mW to reduce the local heating in the illuminated spot. However, during this study, 

several different settings, integration times, and power densities were used with no significant 

change in the general appearance of the data. 

2.2.5  Microstructure characterization  

The indentation sites are examined through an optical microscope (Leica Microsystems) 

at various magnifications (10x-100x), Atomic force microscopy, AFM (Park systems), and 

Scanning electron microscopy, SEM (JEOL, Japan) to visualize the deformation zones and 

cracks.  

2.3  Results and discussion 

2.3.1  Optical, SEM, and AFM images of the residual imprint 

The shiny features were observed on the indented surface around the imprint which could 

be a consequence of the formation of chip due to lateral cracks (Szutkowska). In order to confirm 

the chipping off action, the indented surface was carefully polished using the diamond paste of 

0.25  for 2-3 minutes, and subsequently, it was observed in the optical microscope. This 

process was repeated several times till a few shiny features on the indented surface stop to 

appear. Fig. 2.2(a) displays the optical image of polished surface indented at a load, . 

It can be seen from this figure that the major surface cracks are emanating from the corners of 

the imprint, along with minor cracks originating from the side faces can also be seen. A similar 

crack pattern in ferroelectric crystals has also been reported in the literature (Yu et al., 2005; 

Fang and Yang, 2003; Wimmer, 2016). Further, Fig. 2.2(a) also shows a dark region beside the 

imprint which was generated due to removal of chipped off material through polishing. The SEM 

image of this surface shown in Fig. 2.2(b) confirms that the material has been chipped off at two 

places near the imprint. To estimate the depth of chipped off regions near the imprint, AFM 

imaging of the imprint is performed (see Fig. 2.2(c)) and surface profiles along the lines A-
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and B-

chipped off portion is around half of the depth of residual impression which suggests that the 

cracks have propagated to a considerable depth beneath the indenter. The chipping of material 

might be due to the propagation and bifurcation of lateral cracks beneath the indenter towards the 

surface during unloading (Szutkowska). The driving force for crack propagation underneath the 

indenter could be polarization-rotation induced phase transformation resulting in remanent strain 

and residual stresses in the material (Wang and Singh, 1998). It is important to note that there is 

significant residual depth of indentation, which could be attributed to the phase transformation 

and plastic deformation (Man et al., 2020). The three bright regions in Fig. 2.2(c) and the little 

humps in the surface profile (Fig. 2.2(d)) are giving the impression of the formation of pile-up 

near the indent. However, noting PMN-0.32PT is a brittle material, pile-up due to plastic 

deformation can be ruled out. The little humps in the surface profile would have been generated 

due to the presence of internal cracks. 

Figure 2.2 The images of indentation impression produced by indentation load of 2.94 N taken 

from (a) optical microscope, (b) Scanning electron microscopy, (c) Atomic force microscopy. 

The color contour in (c) represents the height of the surfaces. (d) The variation of the height 

along the line A- -
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far away from the residual imprint, over the site of chip formation, inside the imprint, and at the 

center of the imprint, respectively.

Note that the polishing would surely affect the depth of imprint, crack lengths and the 

lengths of imprint-diagonal. Since the lengths of imprint-diagonal and crack lengths are required 

to calculate, respectively, the micro-hardness and indentation fracture toughness, as discussed in 

the following section, hence these parameters are measured before polishing.

2.3.2 Microhardness and indentation fracture toughness

Fig. 2.3(a) shows the variation of microhardness, HV with load, . Note from this figure 

that hardness drops significantly as the load is increased from 0.25 to 1 N, which signifies 

considerable ISE in [001] poled PMN-0.32PT crystal. However, the hardness remains almost 

unchanged for further enhancement in load, hence the saturation value of HV = 

at can be considered as the true hardness of the present [001] poled PMN-0.32PT single 

crystal. The micro-hardness value reported in the present work is close to the micro-hardness 

value of PMN-0.36PT reported by Joseph et al. (2020).
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Figure 2.3 , (b) the indentation half crack length, 

and (c) the indentation fracture toughness,  with indentation load,  in a [001] poled PMN-

0.32PT single crystal. 

Fig. 2.3(b) shows the variation of indentation half crack length, , of radial cracks emanating 

from the corners of the square-shaped impression (also refer to the schematic shown in Fig. 

2.2(e)) with indentation load . It can be seen from this figure that the indentation half crack 

length increases with increase in load. The indentation fracture toughness,  of crystal is 

determined by Anstis (1981): 

  (2.1) 

where,   for [001] poled PMN-0.32PT crystals has not 

been reported in the literature, therefore,  GPa which corresponds to relaxor ferroelectric 

PMN-0.29PT is used to visualize the qualitative variation of  with load. It should be noted 

that if the actual value of modulus of PMN-0.32PT crystals is used in the computation of , 

there would be quantitative differences in the following discussions, but the qualitative trend will 

remain same. Utilizing the values of  and displayed in Fig. 2.3(a) and (b), respectively, the 

 is computed from Eq. (2.1) and plotted against  in Fig. 2.3(c). Note from this figure that  

is approximately  for loads below 0.5 N, but it shows rapid drop as  is 

increased from 0.5 to 1.0 N. However, for load greater than 2.0 N, changes only marginally, 

and hence it attains a saturation level of  MPa . The observed variation in  

can be rationalized by monitoring the variation of hardness and the indentation half crack length 

with indentation load shown in Figs. 2.3(a) and (b), respectively. From Eq. (2.1), Figs 2.3(a) and 

(b), it can be understood that the rapid drop in  compensates the influence of rapid increase in  

resulting in almost negligible change in  for lower values of load. However, for 0.5 < P < 1.5 

N, drop in  becomes gradual and it is not able to compensate the influence of  leading to drop 

in . On the other hand, for  rise in with  is not as pronounced as it was for 

, hence  saturates. 

2.3.3  Polarization rotation induced phase transition 



35

2.3.3.1 XRD analysis

The piezoceramic materials have been found to exhibit phase transformation when the 

external pressure is increased beyond a threshold level (Wimmer, 2016; Ahart et al., 2011; Ahart 

et al., 2012; Kreisel et al., 2002). The observed drop in hardness and hence ISE and fracture 

toughness in the present experiments could be due to the phase transition taking place during 

indentation. To clarify this, the XRD analysis is performed on an indented surface. Since XRD 

scans almost the entire surface, it was performed by taking an array of 6 6 (36 indents) at a load 

of 2.94 N so that the diffraction responses can be recorded from the indented region. The array of 

indents is taken at the center of the specimen having an area of ~1 1 mm2, with spacing of ~120 

to avoid crack interaction between consecutive indents. The XRD patterns for indented 

surface displayed in Fig. 2.4 clearly shows two distinct peaks approximately at and

Figure 2.4 Representative XRD pattern of (a) as-received poled PMN-0.32PT single crystal 

(reproduced for the comparison), and (b) the indented sample at a load of 2.94 N. The inset 

diagrams show the zoomed-in view of the splitting of (001) and (002) peaks.

The peak near splits into two in Fig. 2.4 (refer to inset diagrams) which was not the case 

before indentation (refer Fig. 2.1(a)). The observed peak splitting near 22.5° is less than 1° and 

similar observations were made by Ahart et al. (2012) on (111) peak of a PMN-PT crystal which 

was attributed to the pressure-induced phase transformation during diamond anvil compression 
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experiments. Thus, it can be deduced from Fig. 2.4 that as-received [001] poled single crystal has 

undergone phase transition during indentation. 

2.3.3.2 Raman spectroscopy analysis 

To confirm phase transition during indentation further, the Raman spectroscopy is 

performed because it provides a localized signature by focusing on a smaller laser-spot size of 

approximately . The Raman signature was taken at various locations on the surface indented 

at a peak load of 2.94 N to understand the variation in the crystal phase across the surface. These 

locations are taken far away from the residual imprint, over the site of chip formation, inside the 

imprint, and at the center of the imprint, and these are marked by points P, Q, R, and S in Fig. 

2.2(e). In addition, the Raman spectroscopy is also performed on a fresh crystal, and the 

corresponding signature is displayed in Fig. 2.5(a). This figure shows four bands centered near 

780, 570, 272, 148 cm-1 wavenumbers which mainly pertain to Nb O Mg stretching mode, 

oxygen bending vibration, B-site ion against O stretching vibration inside the octahedral, and Pb 

against BO6 octahedra translational vibration, respectively (Shen et al., 2005). A similar 

spectrum at room temperature for [001] poled PMN-PT single crystal has also been reported by 

Shen et al. (2005). The Raman spectra for points P, Q, R, and S are displayed in Fig. 2.5(b). It 

can be noticed by comparing Fig. 5(a) and (b) that the spectra for points P and Q are almost 

identical to that for a fresh crystal suggesting the phase at these locations remains unchanged. 

Thus, it can be deduced that the tetragonal ferroelectric phase prevails at a point far away from 

the indent and over the chip formation regions. The no phase change over the chip formation 

regions can be rationalized by noting that the mechanically deformed material 

 

By contrast, - for 

points R and S lying inside the residual imprint differs from the fresh crystal (see Fig. 2.5(b)). 

For example, -

- - -  
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Figure 2.5 Representative Raman spectrum for (a) (001) surface of as-received crystals with 

deconvolution of peaks, and (b) pertaining to points P, Q, R, and S located far away from the 

residual imprint, over the site of chip formation, inside the imprint and at the center of the 

imprint, respectively (also refer Fig. 2e). (c) The magnified view shows the splitting of the 
-

-

- -
- -
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2.4  Investigating source of ISE in piezoceramics 

  -

-

-

- -

-

proportional specimen 

resistance, PSR and modified PSR, MPSR model are employed in the following. 

2.4.1  Proportional specimen resistance (PSR) model 

Li and Bradt (1993) proposed PSR model to analyze the ISE observed during 

microhardness tests. In this model, the indentation load is expressed as: 
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  (2.2) 

where  and  are fitting constants, while  is the average length of the diagonal of the 

impression. Further, the constant  captures the effect of elastic stiffness of the test specimen, as 

well as the friction between indenter facet and the specimen. However, the constant  is 

associated with load-independent hardness. Thus, according to PSR model, ISE is caused by the 

elastic resistance offered by the specimen and the interface friction. Eq. (2.2) can be further 

simplified as:  

  (2.3) 

The values of  and  for PMN-0.32PT single crystals are determined by fitting of Eq. 

(2.3) to the experimental data (refer Fig. 2.6(a)) and are listed in Table 2.1. Also mentioned in 

Table 2.1 are the values of correlation coefficient, R2 for the fitting. For Vickers micro-

indentation, the load-independent hardness, HPSR can be obtained as: 

  (2.4) 

Thus,  is determined to be  which is in agreement with the saturation hardness 

observed in Fig. 2.3(a). Fig. 2.6(a) also suggests that ISE in PMN-0.32PT single crystal can be 

satisfactorily described by PSR model. In other words, the ISE in the present experiment is 

caused by the higher elastic stiffness of the specimen and the interface friction between specimen 

and indenter at lower load. It must also be mentioned that few authors have also reported that the 

PSR model is ineffective in capturing ISE in ceramics at high load (Peng et al., 2004; Gong et 

al., 2000; Gong et al., 1999; Maiti et al., 2018).  

 

Model    H (GPa) R2 
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PSR --- 6.354 2.384 4.42 0.997

MPSR 48.578 -1.390 2.597 0.087 4.817 0.161 0.999

Figure 2.6 (a) The variation of indentation load,  , normalized by the average length of imprint-

diagonal, , with respect to .  (b) The variation of with . The experimental data are shown by 

the filled square symbols, while the best fit of PSR model in (a) and MPSR model in (b) are 

represented by solid line curves.

2.4.2 Modified proportional specimen resistance (MPSR) model

The effect of surface finish on the ISE is not considered in PSR model, hence it is 

modified by adding an additional term to account for the surface artifacts, in particular, 

surface residual stresses. The modified form of PSR model is given by:

(2.5)

The constants , , and are determined by fitting Eq. (2.5) to the experimental data (Fig. 

2.6(b)) and are summarized in Table 2.1. Note, represents the nature of residual stress and in 

the present case, = 48.57 mN which suggests that the residual stresses are tensile in nature. 

The parameter signifies the elastic stiffness of the material and a negative value for the same 

is not justified. Thus, although the load-independent hardness obtained by MPSR model is 



42

comparable to the saturation hardness obtained from the experiment, but the negative value of 

questions the applicability of MPSR model to the present case. Therefore, it can be concluded 

that the ISE in PMN-0.32PT is primarily governed by the resistance offered by the specimen to 

indenter penetration and the interface friction but marginally influenced by surface residual 

stress. The material resistance to indentation would also be influenced by polarization rotation 

induced phase transformation as noticed in the previous section. 

Figure 2.7 Schematic showing the crystal phase with orientation of the spontaneous polarization 

vector underneath the indenter.

During indentation, a significant component of hydrostatic pressure acts just underneath 

the indenter which decays with increasing deformation region. The deviatoric stress present in 

the subsurface deformation zone is responsible for distortion of lattice. Fig. 2.7 presents the 

sequence of the images before and during the indentation as well as after the unloading. 

During the loading, just beneath the indenter where significant hydrostatic stresses are 

present, there is an increased propensity for phase transformation. 
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-

After 

unloading, three possibilities happen: (i) the region where the -  phase 

transformation has occurred cannot reverse back to their original lattice structure (ii) the 

materials slightly away from the indenter tip but still in the deformation zone (which are loaded 

beyond their yield stress) cannot come back to their original structure (iii) the material far away 

from the indenter tip experiences stresses well within their elastic limit and can retain their 

original lattice structure. When the XRD and Raman spectroscopy were performed on indented 

surface, region where - leads to 

splitting of the peaks. 

- -

ISE in poled 

PMN-0.32PT single crystals is  of resistance offered by the specimen to 

indenter penetration, the interface friction, and -

. 

 

To summarize, in this chapter, the indentation response of relaxor ferroelectric [001] 

poled PMN-0.32PT single crystal has been studied through Vickers micro-indentation 

experiments. The result show that hardness in these materials is observed to drop with increase in 

load which is commonly referred to as indentation size effect (ISE), caused by polarization 

rotation induced phase transformation. It must be noted that the present indentation experiments 

are performed against the poling direction. However, the indentation experiments performed on 

piezoelectric materials such as PZT, NBT-BT and BCT shows indentation behavior depends on 

the poling direction with respect to loading direction (Mehta and Virkar, 1990; Chen et al., 2020; 

Wang et al., 2021). The effect of poling direction on the indentation response of PMN-PT single 

crystals is not investigated yet. Therefore, in next chapter the effect of poling direction on 

indentation response of PMN-PT single crystals with two different compositions are studied. 
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CHAPTER 3 

Effect of poling direction on hardness and indentation fracture toughness of 

PMN-0.28PT and PMN-0.32PT single crystals 

3.1  Introduction 

The piezoelectric materials are brittle in nature with very low fracture toughness 

( generally varies between  (Wang and Singh, 1998; Calderon-Moreno et al. 

2008), hence the reliability of their devices is always questionable, especially when subjected to 

contact forces. This has encouraged researchers to investigate their fracture behavior under 

indentation loading. Further, it has been seen that the domain state and poling direction influence 

the hardness as well as fracture toughness of piezoelectric materials (Wang et al., 2021). The 

variation in hardness of a material with change in temperature (Kathavate et al., 2020), electric 

field (Zhou et al., 2014), and poling direction (Park et al., 1998) is referred to as hardness 

anisotropy. Similarly, the change in indentation fracture toughness or crack length with change 

in poling direction is termed as indentation fracture toughness anisotropy.  

The indentation experiments performed along perpendicular and parallel to the poling 

directions on PZT, NBT-BT and BCT reported different values of indentation fracture toughness 

(Mehta and Virkar, 1990; Chen et al., 2020; Wang et al., 2021). Further, they observed larger 

crack length along perpendicular to poling direction as compared to that for parallel to poling 

direction, during perpendicular indentation. The smaller crack length along parallel to poling 

direction has been advocated to be caused by  domain switching near crack tip. However, the 

complete mechanism of domain switching is not well explained. Further, the study on relaxor 

ferroelectrics, especially PMN-0.28PT and PMN-0.32PT which lies near the morphotropic phase 

boundary, is still lacking.  

Therefore, in this chapter, the micro-indentation experiments are performed on PMN-

0.28PT and PMN-0.32PT single crystals by keeping the indentation direction antiparallel and 

perpendicular to the poling direction. The organization of this chapter is as follows. The material 

and experimental procedure is briefly described in section 3.2, the important results obtained in 

this study are discussed in section 3.3. 
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3.2 Materials and experiments

3.2.1 Material

The single crystals of [001]-oriented PMN-0.28PT and PMN-0.32PT, hereafter refer to as 

0.28PT, and 0.32PT, respectively, are procured from TRS Technologies, (State College, PA). 

The obtained single crystals were grown by modified Bridgman technique and diced into 

mm3 dimension. The grown crystals are coated with Cr and Au 

and poled along [001] direction in Transformer oil (Therminal 55® Heat Transfer Liquid) at 

room temperature using 3.5 kV/cm electric field for 3 cycles of 5 sec up and 5 sec down. The 

crystal is further diced into four pieces using slow speed diamond cutter (Buehler), each having a 

dimension of mm3. The parameter is measured using a wide range -meter 

(APC International Ltd.) and found to be and for 

0.28PT and 0.32PT, respectively.

Figure 3.1 Schematic showing the indentation direction with respect to the poling direction (a) 

parallel to poling ( face), and (b) perpendicular to poling ( face).

3.2.2 Vickers micro-indentation

Micro-indentation experiments are performed on two surfaces of crystal. In one set of 

experiments, the surface (dimensions of mm2) perpendicular to the poling direction is 

indented. Thus, the indentation direction is antiparallel to the poling direction in these 

experiments, and these are referred to as parallel-indentation in the following discussion (see Fig. 

3.1(a)). In another set of experiments, the indentations are performed on a face which is parallel 

to the poling direction (see Fig. 3.1(b)). As a result, the poling direction in these experiments is 

perpendicular to the indentation direction, and hence these are referred to as perpendicular-

indentation. For perpendicular-indentation, the cross-section of the specimen has a dimension 
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relatively smaller than other, making it challenging to rest on the mm2 face without 

tilting. Therefore, the sample is cold mounted to perform indentation on mm2 face. 

Further, the corresponding surfaces are mirror polished using  diamond paste followed 

by ultrasonic cleaning before indentations are performed.  

  The micro indentations are performed using Vickers diamond indenter (Micro Mach 

Technologies, India) under load control mode with maximum applied loads, Pmax=0.49, 0.98, 

1.96, 2.94, and 4.9 N. The indenter velocity is kept at  while loading and unloading, 

whereas the hold period at maximum load is 15 sec. To obtain the statistical representative data, 

ten indentation experiments are performed at each Pmax, and the average values of micro-

hardness, HV and indentation fracture toughness, KIC are presented with the error bars stating the 

standard deviation. Moreover, the distance between two consecutive indents is kept 20 times of 

the maximum penetration depth to prevent strain field interactions. 

3.2.3  Microstructure characterization 

  The indentation sites are examined using an inverted optical microscope (Carl Zeiss) at 5-

200x magnifications. 

3.2.4  Piezoresponse force microscopy 

  The Atomic force microscope (AFM) (Park NX-20) in Piezoresponse force microscopy 

(PFM) mode is used to study the domain configuration within and near the indent imprint. Note 

that the PFM operates on converse piezoelectric effect in which the domains are strained by the 

application of electric field through a conductive cantilever to obtain the deflection (PFM 

amplitude) and domain orientation (PFM Phase). In the present experiments, Pt-Ir coated 

conductive cantilever is used whose resonant frequency and force constant are of 75 KHz and 3 

N/m, respectively. A scan size of is selected to scan the entire indent imprint, 

with scanning bias as 3V AC with time constant of 3 ms. Further, to study the out-of-plane 

domains (i.e., c domains) Lock in 2 amplifier is used, whereas to study the in-plane domains 

(i.e., a domains) Lock in 3 amplifier is used. To perform Switching spectroscopy piezoresponse 

force microscopy (SS-PFM), 9.5V DC bias is applied for a constant time period of 5 sec with 

the cantilever sensitivity of 0.01V. 

3.3  Results and discussion 
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3.3.1 Effect of polarization direction on micro-hardness

The variation of micro-hardness, HV with indentation load, P for parallel and 

perpendicular indentation in both the compositions are plotted in Fig 3.2(a). It can be seen from 

this figure that for all cases, HV drops rapidly for the initial increase in load signifying 

noticeable indentation size effect, ISE in both the crystals, irrespective of indentation direction. 

The observed ISE can be attributed to the combined effect of the resistance offered by the 

specimen to indenter penetration, the interface friction, and the polarization-rotation induced 

phase transition underneath the indenter (refer Chapter 2). However, HV saturates at higher loads 

which is referred to as true hardness. The values of true hardness for both the crystals are listed 

in Table 1 for all the cases. It should be noted that the observed true micro-hardness is close to 

the values reported in chapter 2 and in the literature (Joseph et al., 2020). 

Further, in Fig. 3.2(a), HV corresponding to parallel indentation is higher than that for 

perpendicular indentation, irrespective of indentation loads and composition of crystal. This can 

be rationalized by noting the fact that the polarization vector is almost opposite to the loading 

direction resulting in higher resistance for penetration leading to higher hardness in case of 

parallel indentation. It is also important to observe from Fig. 3.2(a) that the composition of 

0.32PT exhibits higher hardness than 0.28PT, for both parallel and perpendicular indentations. If 

the values of are considered to be correlated with the degree of alignment of polarization 

vector with the poling direction, the above trend in the hardness could be a consequence of 

higher in 0.32PT than 0.28PT, though it has not been investigated. 
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Figure 3.2 (a) The variation of Vickers hardness, HV with indentation load, P for PMN-0.28PT 

and PMN-0.32PT single crystals. (b) The variation of HV with piezoelectric coupling coefficient 

obtained from finite element simulations of indentation.

In order to verify the above hypothesis, the effect of on the hardness of a 

piezoelectric material is investigated through finite element simulations of Vickers indentation 

using commercially available software package ABAQUS 2017 (Dassault , 2017). To 

this end, a rectangular body is discretized using linear piezoelectric brick elements (C3D8E) to 

mimic the response of a piezoelectric crystal, while the indenter is modelled using discrete rigid 

elements (R3D4). In order to increase the accuracy of the simulation, highly refined mesh with 

element size of is employed in the contact region (Refer Fig. 

3.3). The bottom (or ) face of the body is constrained to move in all the directions, and the 

electric potential ( is assumed to be zero for all the surfaces. However, the indenter is allowed 

to move along the negative z direction. The contact between the crystal and the indenter is 

assumed to be frictionless.

Figure 3.3 (a) Finite element model employed in the indentation simulation. (b) Magnified view 

of central region on top (z=0.5 mm) surface.

In this study, it is assumed that the effect of on the hardness is more predominant 

than other coefficients, and because the value of the former is much larger than that of 

the latter (Luo et al., 2010; MIDE, 2020; Song et al., 2012). Therefore, simulations are 

performed by considering various values of = 1250, 1510, 1850, 2000, 2100, and 2400 

pC/N, while keeping other material constants unchanged. The simulated hardness values of 
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crystals are plotted against d33 in Fig. 3.2(b). This figure shows that the hardness enhances with 

increase in suggesting that the larger hardness in 0.32PT than 0.28PT in Fig. 3.2(a) is caused 

by the larger in the former. 

The higher hardness in 0.32PT than 0.28PT can be further rationalized by looking into 

the phases of these crystals after poling. In this connection, a schematic displaying different 

possible spontaneous polarization directions along with the crystal phases in a relaxer 

ferroelectric material is presented in Fig. 3.4. For Tetragonal (P4mm), Orthorhombic (mm2), and 

Rhombohedral (R3m) phases, the spontaneous polarization lies along and 

directions, respectively (McLaughlin et al., 2004). The three monoclinic phases MA (Cm), 

MB (Cm), MC (Pm) act as a bridge between Tetragonal and Rhombohedral, Rhombohedral and 

Orthorhombic, and Orthorhombic and Tetragonal phase, respectively. When 0.28PT and 0.32PT 

crystals are poled along (001) direction, they exist in MA and MC phases, respectively, with the 

spontaneous polarization direction approximately aligning with the directions displayed in Fig. 

3.4 (Luo et al., 2013). 
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Figure 3.4 Schematic showing the orientation of the polarization vector for different phases. 

Solid red and brown lines represent the approximate position of polarization vector for both 

PMN-0.28PT and PMN-0.32PT (Adopted from Luo et al., 2013).

Fig. 3.4 suggests that in the case of parallel indentation, the polarization vector of both 

the compositions are almost opposite to loading direction offering higher resistance to 

indentation and hence higher hardness in comparison to the indentation perpendicular to the 

poling direction. Further, the polarization vector in a poled 0.32PT is relatively more aligned 

with the <001> direction than that in poled 0.28PT. Consequently, 0.32PT offers more resistance 

to indenter penetration, and higher hardness than 0.28PT.   

3.3.2 Optical images of the residual imprint

The optical images of the imprints corresponding to P = 2.94 N are shown in Figs. 3.5(a)-

(b) and 3.5(c)-(d) for PMN-0.28PT and PMN-0.32PT single crystals, respectively. Note that 

Figs. 3.5(a) and (c) pertain to indentation parallel to poling direction, while Figs. 
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Figure 3.5 Optical microscope images of residual imprint with cracks on PMN-0.28PT crystal 

generated through (a) parallel (b) perpendicular Indentation at a load of 2.94 N. The 

corresponding images for PMN-0.32PT crystals are shown in (c) and (d). 

3.5(b) and (d) correspond to perpendicular indentation. In these figures, four major radial cracks 

originating from the imprint corners can be observed. In addition, a few shiny and darker 

features are also visible near the imprint which are encircled by solid and dashed circles, 

respectively. The darker feature can be attributed to the chip formation (Szutkowska). The shiny 

features also correspond to the chip formation, but the internal cracks have not propagated up to 

the surface, hence the chip has not been separated from the sample surface.  The chip in the shiny 

regions can be removed by polishing the surface gently, the process of chip removal is described 

elsewhere in chapter 2. The phase transformation induced by polarization-rotation results in 

remanent strain and residual stresses, causing nucleation and propagation of cracks beneath the 

indenter (Wang and Singh 1998). It is worth mentioning that the phase transformation and plastic 

deformation could be responsible for the considerable residual depth of indentation (Man et al., 

2020).  

Table 3.1 Summary of Vickers hardness, HV, indentation fracture toughness,  and average 

half crack length, c for parallel and perpendicular indentation on PMN-0.28PT and PMN-0.32PT 

single crystals. 

 

 

 
 

 

 
 

It is important to note from Fig. 3.5 that the major radial cracks originating from four 

corners of imprints are almost identical in length for both the composition when indentation load 

is parallel to the poling direction (refer Figs. 3.5(a) and (c)). By contrast, the crack lengths are 

different for the case of indentation perpendicular to the poling direction, as can be noticed in 
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Figs. 3.5(b) and (d). Indeed, the cracks parallel to the poling direction (hereafter represented by 

are longer than the cracks perpendicular to the poling directions (denoted by  in the 

following), irrespective of the composition (refer Figs. 3.5(b) and (d)). Thus, the poled single 

crystals of 0.28PT and 0.32 PT exhibit crack length anisotropy during indentation perpendicular 

to the poling directions. Such anisotropy has also been reported in PZT, BaTiO3, and lead-free 

piezoelectric materials for perpendicular indentation (Calderon-Moreno et al., 2008; Park et al., 

1998; Wang et al., 2021; Chen et al., 2020). In contrast to observation made in the present study, 

the length of crack is reported to be smaller than that of  cracks in these materials 

(Calderon-Moreno et al., 2008; Park et al., 1998; Wang et al., 2021; Chen et al., 2020). This was 

attributed to the resistance for crack propagation offered by  domain switching/phase 

transformation taking place ahead of the crack, unlike  domain switching/no switching 

ahead of the  cracks causing marginal resistance for the crack propagation. The plausible 

mechanics governing the crack length anisotropy observed in the present study is discussed in 

Sec. 3.3.3. 

3.3.3  Fracture toughness anisotropy 

In order to analyze the presence of anisotropy in indentation fracture toughness, , in 

the 0.28PT and 0.32 PT single crystals, KIC for parallel and perpendicular indentation are 

calculated by (Anstis et al., 1991): 

 
 (3.1) 

Here,  is half crack length, and  

reported for both 0.28PT as well as 0.32PT single crystals, it is taken to be 27GPa which pertains 

to the [001] poled PMN-0.29PT (Gorzkowski et al., 2008). Since the half-crack length in the 

case of parallel-indentation is almost equal, the  determined using Eq. 3.1 is expected to be 

almost identical in both the directions. Therefore, in this case, the indentation fracture toughness, 

denoted by , is calculated by taking  as an average of all four half-crack lengths. By 

contrast, fracture toughness for perpendicular indentation, represented as  is expected to 

differ when computed by considering  for and cracks (refer Fig. 3.6(a) and (b)). 

Therefore, for this case, the values of fracture toughness along parallel and perpendicular to the 
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poling directions, represented by , and , are computed by taking average of the 

length of two half cracks along the respective directions. The values of , , and 

corresponding to = 2.94 N are compared in Fig. 3.6(a) and (b) for 0.28PT and 0.32PT 

crystals, respectively. The values of and used to compute these toughness values are listed 

in Table 3.1.  Note from Fig 3.6(a) and (b) that for both the crystals.

Figure 3.6 The comparison of indentation fracture toughness, determined at indentation 

load of 2.94 N corresponding to different cases for (a) PMN-0.28PT, and (b) PMN-0.32PT single 

crystals.

In order to understand the source of fracture toughness anisotropy, SS-PFM is performed 

at points A, B, and C chosen along a crack as shown in Fig. 3.7(a) for parallel-indentation and 

along crack for perpendicular indentation (refer Fig. 3.7(b)). The corresponding points D, E, 

and F chosen along the crack for perpendicular indentation are also shown in Fig. 3.7(b). 

Thus, the points C and F are chosen near the imprint corner, while points A and D are taken to be 

ahead of the crack tips. The variation of SS-PFM amplitude, A with respect to Bias voltage, VB

for parallel and perpendicular indentations are shown in Figs. 3.7 (c) and (d), respectively. The 

slope of A versus VB curves at zero VB, ,  are measured from these figures and plotted against 

distance in Fig. 3.8(a) and Fig. 3.9(a) for perpendicular and parallel indentations, respectively. 

For perpendicular indentation, drops along the crack parallel to the poling direction, while it 

enhances along the crack perpendicular to the poling direction in both the crystals (refer Fig. 

3.8(a)). Note, a very low value of at a point on a surface suggests that the polarization vector 

at that point is almost parallel to the surface, whereas a large signifies the vectors being 
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almost perpendicular to the surface. Noting these facts, it can be deduced from Fig. 3.8(a) that 

the polarization vector might be almost parallel to the surface at point D, while it would be 

perpendicular to the surface at point A. Since the polarization vector of domains were parallel 

 

 

Figure 3.7 The schematic showing the approximate locations of points where Switching 

spectroscopy piezoresponse force microscopy, SS-PFM for (a) parallel and (b) perpendicular 

indentation. The variation of PFM amplitude (A) with Bias voltage, VB at these locations for (c) 

parallel indentation and (d) perpendicular indentation. 

Since the polarization vector of domains were parallel to the surface before indentation in the 

case of perpendicular indentation, Fig. 3.8(a) suggests that the domain orientation remains 

almost unaltered at point D, whereas it has changed from parallel-to to the perpendicular-to at the 

surface at point A.  In other words, no significant domain switching took place at point D, but 

 domain switching would have taken place at Point A. Since these points are taken ahead of 

the crack tip, it can be concluded from Fig. 3.8(a) that a  domain switching takes place before 

crack propagation in the direction perpendicular to the poling direction, while domain orientation 

does not change significantly before crack propagation along the poling direction during 
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perpendicular indentation in both the crystals. Further, the higher value of at point F (point 

near the imprint corner) than that at point D signifies that domain switching takes place after 

crack has propagated along the direction parallel to the poling direction. Similarly, at point C 

being lower than that at point A suggests that polarization vectors at former locations

Figure 3.8 (a) Variation of along the crack for perpendicular indentation. (b) The schematic 

representing the domain state before and after crack propagation for perpendicular indentation.

are not as perpendicular to the surface as they are near latter location. In other words, domains 

switching takes place after crack propagation along perpendicular to the poling directions also. In 

summary, domains switching occurs only after the crack propagation along the poling direction, 

while it happens before as well as after crack propagation along perpendicular to the poling 

direction during perpendicular indentation.
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Motivated from the above discussion, the possible domain states before and after crack 

propagation during perpendicular indentation is presented in a schematic shown in Fig. 3.8(b). 

The fracture toughness anisotropy observed in the present study can be explained through the 

domain switching displayed in this schematic (refer Fig. 3.8(b)). The different switching 

behavior along the two directions would be governed by the orientation of domain walls with 

respect to crack propagation direction. It is well accepted fact that the domain walls are

Figure 3.9 (a) Variation of along the crack for parallel indentation. (b) The schematic 

representing the domain state before and after crack propagation for parallel indentation.

walls are energetically preferred path for crack propagation (Fang et al., 2007; Okayasu et al., 

2012). The orientation of domain walls would be parallel to the crack easing its propagation 

without domain switching along the poling direction. This, in turn, results in lower energy 

dissipation and hence lower indentation fracture toughness and longer crack length along poling 

direction during perpendicular indentation. On the other hand, the domain walls would be 

perpendicular to the crack making the necessity of domain switching in such a way that domain 

walls become parallel to the crack along perpendicular to the poling direction too. This would 



57 
 

require larger energy dissipation resulting in higher indentation fracture toughness and smaller 

crack length along direction perpendicular to the poling. The electrical boundary conditions are 

expected to change on newly created surfaces after crack propagation which would force domain 

switching in both the directions. 

In the case of indentation parallel to the poling directions,  at a point near the imprint 

corner is lower than that ahead of the crack tip (refer Fig. 3.9(a)). This suggests that the 

polarization vectors after crack propagation are not as vertical as they are ahead of the crack 

propagation. Thus, it can be deduced that the domain switching takes place after crack 

propagation in the case of parallel indentation also. Since both the directions of crack 

propagation are identical with respect to initial domain orientation, the resistance for crack 

propagation and hence indentation fracture toughness and crack lengths are almost similar for 

both directions during parallel indentation. The A schematic displaying domain states before and 

after crack propagation during parallel indentation are shown in Fig. 3.9(b).          

To summarize, in this chapter, the hardness and indentation fracture toughness anisotropy 

in PMN-0.28PT and PMN-0.32PT single crystals are investigated through micro-indentation 

experiments. The indentation experiments are performed by keeping the indentation direction 

antiparallel (referred to as parallel indentation), and perpendicular (referred to as perpendicular 

indentation) to the poling direction. The results show that, for an indentation load the hardness 

varies with poling direction and composition. Further, all four major cracks emanating from 

diagonal of indent imprint are almost equal in length for parallel indentation, whereas for 

perpendicular indentation the length of cracks parallel to poling are larger than that from 

perpendicular to poling, resulting in different indentation fracture toughness for perpendicular 

indentation. It must be noted that the indentation experiments are performed at a constant strain 

rate in this chapter. However, these materials are exposed to various loading rates during their 

application, which affects their performance. Therefore, in next chapter the effect of strain rate 

on indentation response of [001]- and [011]-oriented poled PMN-0.32PT single crystals are 

investigated. 
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CHAPTER 4 

Effect of strain rate on the hardness of relaxor ferroelectric PMN-0.32PT 

single crystals 

4.1 Introduction 

The response of piezoelectric sensors and/or actuators has been reported to strongly 

depend on the type of loading and loading rate (Xie and Xu, 2021; Sekhar et al., 2021). 

Therefore, the understanding of indentation response at different loading rates is of practical 

importance. Recently, Man et al. (2020) investigated the effect of strain rate on nano-indentation 

response of PMN-PT and reported ISE, irrespective of applied strain rates. They attributed ISE to 

the large strain gradients and work hardening, although no explanation for the same was given, 

but the effect of strain rates on ISE was explained well. Further, the analytical models such as 

-Kendall (H-K) model, Proportional specimen resistance (PSR) model, and 

modified proportional specimen resistance (MPSR) model are employed to explain the 

mechanics of ISE in polycrystalline PMN-PT and PZT (Kathavate et al., 2021b; Kathavate et al., 

2021c). However, it is not clear if these models are capable of explaining the ISE in PMN-PT 

single crystals for different strain rates.  

Therefore, in this chapter, the nanoindentation experiments are performed on the [001]- 

and [011]-oriented PMN-0.32PT single crystals at three different strain rates. Further, various 

mechanistic models are applied to investigate the origin of strain rate dependent ISE in these 

materials. The organization of this chapter is as follows. The material and experimental 

procedure is briefly described in section 4.2, the important results obtained in this study are 

discussed in section 4.3. 

4.2 Materials and experiments 

4.2.1 Material  

The [001]- and [011]-oriented single crystals of PMN-0.32PT are procured from TRS 

Technologies (State College, PA). The obtained single crystals were grown directly from the 

melt by the modified Bridgeman technique and diced into the  dimensions. 
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The crystals were diced in a way that the thickness direction (i.e. ) is the direction of 

orientation. Further the samples are poled along the thickness after applying the 

coating on  faces. The piezoelectric coupling coefficient, 

d33 is measured by wide range -meter (APC International Limited) and obtained the values as 

and  for [001]- and [011]-orientation, respectively. Before the 

nanoindentation experiments, the indentation surfaces are mirror polished from  diamond 

paste and cleaned ultrasonically. 

4.2.2 Nano-indentation experiment 

The quasi-static nanoindentation experiments are performed on (001) and (011) surfaces 

at room temperature. The indentation load is applied against the poling direction using three-

sided pyramid berkovich diamond indenter. The initial machine calibration is performed on 

fused quartz silica samples to ensure the accuracy of measured data. Thereafter, the indentations 

were carried out in load-controlled mode with maximum indentation load as, Pmax = 2, 4, 6, 8, 

and 9.5 mN. The strain rate is kept constant throughout the loading for a given . However, 

various experiments are performed by considering the different values of strain rates = 

 for every . The hold time at maximum indentation load is kept as 5 s 

for all the indentation cycles. At each indentation load and for every strain rate, 15 experiments 

are performed in order to ensure statistically reproducible data. In addition, the distance between 

two indents is kept 15-20 times of the indentation depth to avoid strain field interactions. The 

mean value of Hardness, H is reported along with error bars stating standard deviation. The 

Oliver and Pharr (O&P) method (Oliver and Pharr, 1992) is employed to determine Hardness, H 

which is given by: 

 
 

(4.1) 

Here,   is contact area, where  is contact depth and it is estimated after 

considering the sink-in effect as: 

  (4.2) 
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In Eq. 4.2, is maximum indentation depth, is a constant which depends on the indenter 

geometry (for berkovich indenter ), and S is the stiffness which is determined by the 

slope of initial unloading curve. 

4.3 Results and discussions

4.3.1 Load-depth curve

The P vs. h curves corresponding to different values of Pmax are shown in Figs. 4.1 and 

4.2 for [001]- and [011]-orientated poled PMN-0.32PT single crystals, respectively. Note that 

Figs. 4.1(a-c) and 4.2(a-c) pertain to a constant strain rate, SR of , and , 

respectively. Further, the loading curves for all the loads in Fig. 4.1(a-c) follow the same path 

confirming good reproducibility of the P-h data. However, the initial unloading curve follows the 

following power law relation given by O&P (Oliver and Pharr, 1992). 

, (4.3)

where is the final indentation depth, are power law coefficient and index, 

respectively, determined by curve fitting. The values of for different strain rates lies between 

1-2 which is in agreement with the previous findings (Kathavate et al., 2021a; Kathavate et al., 

2021b; Oliver and Pharr, 1992; Ramamurty and Jang, 2014). In addition, enhances with 

increase in strain rates signifying crystal response becoming stiffer for higher rates. Further, the 

dwell displacement is insignificant for lower strain rates, while it is noticeable for higher SRs. A 

similar trend is observed for [011]-orientation also (refer Fig. 4.3). 

Figure 4.1 Indentation load, P vs. h curves corresponding to strain rate of (a) , (b) 

, and (c) for [001]-oriented crystal.
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Figure 4.2 Indentation load, P vs. h curves corresponding to strain rate of (a) , (b) 

, and (c) for [011]-oriented crystal.

Figure 4.3 Representative P vs. h curve for [001]-orientation at (a) 2 mN, (b) 4 mN, (c) 6 mN, 
(d) 8 mN, and (e) 9.5 mN at 0.03s-1, 0.05s-1, and 0.1 s-1 strain rate (SR). 

Furthermore, [001] oriented crystal exhibits serrations in P-h curves for loads below 

6mN, whereas such serrations are observed only up to the load of 4mN for [011]-orientation 

(Refer Figs. 4.3 and 4.3). The serrations in P-h curves have been attributed to various micro-

mechanism such as domain switching (Scholz et al., 2007), phase transformation (Hurtado-

Macias et al., 2008), and surface cracking (Schuh, 2006). The possibility of surface cracking can 
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be ruled as   in present experiments is much lower than the critical load ~ 400 mN for crack 

nucleation reported by (Zeng et al., 2008). Man et al. (2020) suggest that the pop-in events are 

visible due to domain switching and phase transformation. Hence, it can be concluded that the 

serrations in P-h curve is mainly caused by domain switching and phase transformation.

Figure 4.4 Representative P vs. h curve for [011]-orientation at (a) 2 mN, (b) 4 mN, (c) 6 mN, 
(d) 8 mN, and (e) 9.5 mN at 0.03s-1, 0.05s-1, and 0.1 s-1 strain rate (SR). 

4.3.2 Variation of hardness with contact depth

The variation of with corresponding to different strain rate is shown in Figs. 

4.5(a) and (b) for [001]- and [011]-orientation, respectively. It can be seen from Fig. 4.5(a) that 

H decreases with increase in and attains a saturation level at a higher load which signifies 

that [001] poled crystal exhibits indentation size effect (ISE) for moderate values of strain rates. 

A similar trend can also be noticed for [011]-oriented crystal in Fig. 4.5(b). By comparing Figs. 

4.5(a) and (b), it can be noticed that the ISE for [011]-orientation is more pronounced than that in 

[001]-orientation. The ISE in piezoceramics has been attributed to the polarization-rotation 

induced phase transformation (refer chapter 2), domain switching (Kathavate et al., 2021a; 

Kathavate et al., 2021b), GND-induced strain hardening at lower indentation load (Scholz et al., 
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2007; Hurtado-Macias, et al., 2008; Zhang et al., 2020; Man et al., 2020), flexoelectricity 

(Gharbi et al., 2009), friction between specimen and indenter (Li and Bradt, 1993; Li and Bradt 

1996), and surface roughness (Li and Bradt, 1993; Li and Bradt 1996; Gong et al., 1999a; Gong 

et al., 1999b). 

It is also important to note that for both the orientation the hardness decreases with 

increasing the strain rate. It could be due to the rapid localization in shear band and drop in 

fracture strength leading to the softening at higher strain rates.  In contrast to present study, Man 

et al. (2020) reported increase in hardness with strain rates in PMN-PT single crystals, which 

they attributed to the formation of fewer shear bands at higher strain rates due to unavailability of 

sufficient time for stress diffusion resulting in lesser inelastic deformation and hence the higher 

hardness. It must be noted that both the number of shear bands and strain level inside them 

Figure 4.5 Variation of Hardness, H with Load, P for (a) [001]-, and (b) [011]-oriented PMN-

0.32PT single crystal.

Table 4.1 Summary of O&P saturation hardness (H) with strain rate for [001]-, and [011]-

oriented PMN-0.32PT single crystal.

Strain rate Hardness [001] (GPa) Hardness [011] (GPa)
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influence the rate dependent softening or hardening in the material, and not the number of shear 

band only. Therefore, a detailed study is needed to explain the physics of rate dependent 

softening/hardening in piezoceramics. The load independent hardness or the saturation hardness 

for all cases are listed in Table 4.1. 

4.3.3 Analysis of nanoindentation data using mechanistic models for ISE 

The ISE in materials could be caused by various reasons (Hurtado-Macias et al., 2008; Li 

and Bradt, 1993; Li and Bradt 1996). For example, ISE could be a surface artifact (due to surface 

roughness) and it may be an actual material response caused by size dependent plastic 

deformation during early stages of indentation. ISE may also be caused by nucleation of cracks 

during indentation. In order to get some insight on the mechanistic reasons for the observed ISE, 

the following models are employed: 

4.3.3.1 Meyer s law 

The ISE observed in the indentation experiments can be conventionally described by 

indentation load (Pmax) and contact depth (hc) as given below: 

 . (4.4) 

 

Here,  is the proportionality constant, and it represents the resistance offered by the 

material to the initial penetration of indenter. Further,  

quantifies the degree of ISE. From Eq. 4.1 and 4.5, the hardness can be expressed as: 

  (4.5) 
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Figure 4.6 Representative plots of ln Pmax vs. ln hc

different strain rates for (a) [001]-, and (b) [011]-oriented PMN-0.32PT single crystal.

Note from Eq. 4.5 that the hardness is independent of depth for , while it varies 

with for .  In particular, material would exhibit ISE for , but it would show RISE 

if . The fitting of equation 5 on the experimental data is shown in log-log scale in Figs. 

4.6(a) and (b) for [001]- and [011]-orientation, respectively. The linear variations of ln with 

ln with good correlation coefficient in these figures confirms the applicability of 

corresponding to 

different strain rates are listed in Table 4.2 for both the orientations. Also, lies between 1.29-

1.33 for [001]- and 1.22-1.26 for [011]-orientation which is in agreement with the reported 

values of for ceramics (Kathavate et al., 2021a; Kathavate et al., 2021b). The variation of 

with strain rate for both the crystal is shown in Fig. 4.7 (a). It must be noted that n is less than 2 

for all three strain rates, which confirms that the observed ISE is the behavior of piezo-crystals 

and not an experimental artifact. Further, the decrease in 'n' with increase in strain rate signifies 

the ISE, but it fails to shed light on physical reasons for ISE. The Hays and Kendall (1973) 

correlated the ISE with the friction between indenter and specimen surface. The model of Hays 

and Kendall, referred to as H-K model, is applied in the present experimental data in the 

following.   
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Figure 4.7 ) with Strain rate (SR), (b) the variation of Pmin

with Strain rate (SR) determined using H-K model, for both [001]- and [011]-orientation.

Table 4.2 Summary of the best fit values of the descriptive parameters and constants appearing 

-Kendall model for [001]- and [011]-oriented PMN-0.32PT single 

crystals.

H-K model

[001]
0.03 1.33 1.09 1.44 3.23

0.05 1.29 1.18 1.46 2.97

0.1 1.29 1.23 1.49 2.90

[011]
0.03 1.26 1.50 1.53 3.22

0.05 1.22 1.80 1.55 3.09

0.1 1.22 1.80 1.60 3.02

4.3.3.2 Hays-kendall model

In the H-K model, the effective test load is defined as Peff = Pmax Pmin, where, Pmin is the 

minimum test load below which the material will not undergo plastic deformation. Pmin is also 

related to the micro friction between the indenter and contact surface (Kathavate et al., 2021b; 
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Jimeno and Terraza, 1950). In this model, the relation between Peff and hc is assumed to as (Hays 

and Kendall, 1973):

(4.6)

Figure 4.8 Representation of the Hays-Kendall model on the plots of Pmax vs. h2
c at different 

strain rates for (a) [001]-, and (b) [011]-oriented PMN-0.32PT single crystal.

where, is the is the proportionality constant. The values of Pmax obtained from the 

experiments are plotted against in Figs. 4.8(a) and (b) for [001]- and [011]-orientations, 

respectively. Also displayed in these figures are the linear fitting of Eq. 4.6 with a good 

correlation coefficient of R2 ~ 0.9995. The of values of fitting parameters pertaining 

to the best fitting for different strain rates are given in Table 4.2. It can be noticed that the 

obtained from the fitting of Eq. 4.6 is lower than the minimum indentation load considered 

in the present experiments which signifies that all the sample have gone through plastic 

deformation during indentation and noticed ISE is not caused by surface roughness, but it is 

actual material response. Further, Pmin increases with an increase in strain rates (refer Table 4.2 

and Fig. 4.7(b)) which suggests that the material resistance related to surface effects increases 

with increase in strain rate.

Li and Bradt (1993) and Li and Bradt (1996) proposed the proportional specimen 

resistance (PSR) model to describe the ISE in a more effective way by considering Pmin as a 

linear function of hc. The PSR model is applied in the next section. 
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4.3.3.3 Proportional specimen resistance model 

The PSR model assumes Pmin to evolve linearly with  as: 

  (4.7) 

Here,  is associated with elastic stiffness. Thus, can be considered as elastic 

resistance of material with the spring constant as . In PSR model, the effective indentation 

load is given by: 

   (4.8)  

 Or  

 , (4.9) 

where,  is associated with plastic deformation of the material. The variation of 

Pmax/hc with hc is plotted in Figs. 4.9(a) and (b) for [001] and [011] orientations, respectively. The 

values of and are reported in Table 4.3. The satisfaction of PSR model suggests that ISE 

can be attributed to the elastic resistance of the specimen and the interface friction between 

indenter and specimen. Frohlich et al. (1977) correlated the term  to the energy consumed in 

creating new surfaces. Thus, ISE in present work can also be correlated with the nucleation and 

propagation of nano cracks in the specimen during experiments. The hardness of material can be 

determined by substituting Pmax from Eq. 4.9 into Eq. 4.1 as:  

 . (4.10) 

Here,  and represent load dependent and load independent hardness, and these are given 

by: 

  (4.11) 

Figs. 4.10(a) and (b) shows the variation of H1 and H2 with P for different strain rates (also refer 

Table 4.5). Fig. 4.11(a) displays the variation of H2 with strain rates for both the orientation. It  
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Figure 4.9 Representation of the nanoindentation data on Pmax/hc vs. hc scale at different strain 

rates for (a) [001]-, and (b) [011]-oriented PMN-0.32PT single crystal, according to the PSR 

model.

can be seen that load independent hardness drops marginally with increase in strain rate. By 

comparing the values of H2 and the values of hardness calculated using O&P method (refer 

Table 4.5), it can be deduced that PSR model underestimates the load independent hardness of 

crystals.  

Figure 4.10 Variation of Load dependent hardness, H1 and Load independent hardness, H2 based 

on PSR model with Load, P for (a) [001]-, and (b) [011]-oriented PMN-0.32PT single crystal.
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Figure 4.11 Variation of Load independent hardness, H2 with Strain rate, SR by using (a) PSR 

model, and (b) MPSR model for [001]- and [011]-oriented PMN-0.32PT single crystal.

Table 4.3 Summary of the best fit values of the descriptive parameters and Load independent 

hardness, H2 determined from PSR model for [001]- and [011]-oriented PMN-0.32PT single 

crystal.

Orientation Load independent 

hardness, 

[001]
0.03 3.53 1.46 5.94

0.05 3.44 1.31 5.35

0.1 3.21 1.44 5.88

[011]
0.03 3.57 1.49 6.07

0.05 3.57 1.38 5.62

0.1 3.66 1.28 5.21

4.3.3.4 Modified proportional specimen resistance model

The nanoindentation response of a material is strongly influenced by the presence of 

surface cracks and residual compressive stresses induced during machining and polishing (Lawn 

and Wilshaw, 1975). These surface effects are not accounted by the PSR model, which may 
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cause incorrect description of ISE. The modified PSR (MPSR) model accounts for the surface 

artifacts by including a new constant (mN) in the expression of as:

(4.12)

Figure 4.12 Representation of the nanoindentation data on Pmax vs. hc scale at different strain 

rates for (a) [001]-, and (b) [011]-oriented PMN-0.32PT single crystal, according to the MPSR 

model.

The negative and positive values of signify the nature of surface residual stresses 

being compressive and tensile, respectively. In MPSR model too, the parameter is correlated 

with the elastic stiffness of the material and hence physically is not possible. The 

parameters are determined by fitting Eq. 4.12 with experimental data (refer Figs. 

4.12(a) and (b)) and listed in Table 4.4. The positive valued for present experiments signifies 

that the residual stresses are tensile in nature. Thus, it can be deduced that tensile residual 

stresses along with elastic resistance of the specimen influence the noticed ISE. Gong et al. 

if the load range is increased. Furthermore, varies when the considered test load range is 

large. 
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Figure 4.13 Variation of Load dependent hardness, H1 and Load independent hardness, H2 based 

on MPSR model with Load, P for (a) [001]-, and (b) [011]-oriented PMN-0.32PT single crystal.

Table 4.4 Summary of the best fit values of the descriptive parameters and Load independent 

hardness, H2 determined from MPSR model for [001]- and [011]-oriented PMN-0.32PT single 

crystal.

Orientation

[001]
0.03 0.8769 0.0129 2.61 10.7

0.05 0.8945 0.0124 2.40 9.81

0.1 0.2658 0.0258 1.75 7.12

[011]
0.03 0.4215 0.0250 2.04 8.33

0.05 0.4290 0.0250 1.92 7.85

0.1 0.4269 0.0259 1.82 7.43

Further, the hardness, load dependent, H1, and load independent, H2 hardness from the MPSR 

model are given by:

(4.13)
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(4.14) 

The variations of H1 and H2 with P are shown in Figs. 4.13(a) and (b), respectively. These 

figures clearly show that the ISE observed in the experiments is well captured by MPSR model. 

The effect of strain rate on the load independent hardness determined by MPSR model is shown 

in Fig. 4.11(b). It can be seen that load independent hardness drops with an increase in strain 

rate. The values of H2 are comparable with the hardness determined by O&P method (refer Table 

4.5) which confirms that load independent hardness is well estimated by MPSR model. 

Table 4.5 Summary of O & P Hardness, H, Load independent hardness, H2 from PSR and MPSR 

model for [001]- and [011]-oriented PMN-0.32PT single crystal. 

Orientation   O &P Hardness, 

H (GPa) 

Load independent hardness, 

H2 (GPa) 

PSR Model MPSR Model 

[001] 
   10.7 

  5.35 9.81 

  5.88 7.12 

[011] 
  6.07 8.33 

  5.62 7.85 

  5.21 7.43 

 

It can be concluded from the discussion in this section that the ISE in poled PMN-0.32PT 

single crystal can be attributed to the combined effect of plastic deformation, elastic resistance of 

the specimen, nucleation of surface cracks, and tensile residual stresses.  

To summarize, in this chapter, the effect of strain rate on the hardness of [001]-, and 

[011]-oriented PMN-0.32PT single crystals is investigated through nanoindentation experiments. 

The results show decrease in hardness with increase in strain rate, and ISE in both the crystals for 

all the applied strain rates. Further, to investigate the origin of strain rate dependent ISE, various 

mechanistic models are applied to the present nanoindentation data. It is important to note that 
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these materials are mostly used as actuators or sensors for various applications. Various attempts 

have been made to enhance the sensitivity, efficiency and impedance matching of acoustic 

sensors by introducing pores to the solid piezoelectric material. However, the porous PMN-PT 

has not been investigated, despite of its excellent electromechanical properties. Therefore, in the 

next chapter, the performance of porous PMN-PT manufactured using freeze casting technique is 

studied. 
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CHAPTER 5 

Effect of volume fraction of pores on energy harvested by freeze casted porous 

PMN-PT 

5.1  Introduction  

The direct and converse piezoelectric effect makes the piezoelectric materials effective 

choice for sensors and energy harvesters. This effect is more pronounced when pores are 

introduced in the solid piezoelectric media because the decrease in dielectric permittivity,  is 

more pronounced than piezoelectric coupling coefficient, d33 which is required to estimate the 

piezoelectric voltage coefficient (g33 = d33/ ) and piezoelectric energy harvesting figure of 

merit ( Therefore, the porous piezoelectric materials are the potential choice 

for sensing and energy harvesting as compared to dense piezoceramics. 

The porous piezoceramic fabricated using freeze casting has added advantages over other 

fabrication technique such as highly aligned pore structure with pore size of 3 to 100 m and 

pore volume fraction between 20 to 70%. Additionally, it results in better dielectric (Guo et al. 

2011), piezoelectric (Yan et al. 2021), and mechanical (Zhang et al., 2015) properties of the 

prepared sample. Recent energy harvesting experiments performed on freeze casted PZT (Zhang 

et al., 2017), BaTiO3 (Roscow et al., 2018), BCZT (Yan et al., 2022) and PVDF (Zhang et al., 

2019) reported an increase in energy harvesting characteristics as compared to dense 

piezoceramics. However, despite excellent piezoelectric properties, the porous PMN-PT (with 3-

1 type where air is second phase) fabricated using freeze casting technique has not been 

explored. 

  Therefore, in this chapter, the effect of porosity % on voltage output of 3-1 type freeze 

casted porous PMN-PT is studied. The organization of this chapter is as follows. The material 

and experimental procedure is briefly described in section 5.2, the important results obtained in 

this study are discussed in section 5.3. 

5.2  Material and experiment 

5.2.1  Synthesis of porous PMN-PT 
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The (1-x)(PbMg0.33Nb0.66O3)-x(PbTiO3) hereafter refer to as PMN-PT, is prepared by 

using solid-state reaction method. The raw materials used for preparing this material are PbO 

(Qualigens, 80%), MgO (Sigma Aldrich, 71%), Nb2O5 (Sigma, Alderich, 98.9%), and TiO2

(TTK Products, 98.5%). The columbite i.e. magnesium niobate oxide (MgNb2O6) is first 

synthesized by mixing the raw oxide powders of MgO and Nb2O5 in a stoichiometric ratio, and 

ball milled for 24 h with ethanol as a medium. The mixed oxide powders are then calcinated at 

C for 4 h. Further, the PbO and TiO2 are ball milled with columbite powder for 24 h, 

followed by calcination of the mixed powders at C for 4 h to obtain PMN-PT. In order to 

ensure homogeneity of the prepared PMN-PT powder, the calcinated powders are ball milled 

again for 24 h. 

Figure 5.1 Schematic displaying various steps involved in the freeze casting manufacturing 

technique to synthesize porous PMN-PT samples.

The prepared PMN-PT powder is then further processed to produce porous PMN-PT 

samples with different porosity content using freeze casting technique. To this end, the powdered 

PMN-PT is dispersed in deionized water to form a suspension with different solid loading 

(varying from 20 to 60 weight percent) with 1 weight percent dispersant (Darwan C-ammonium 

poly-methacrylate) and 2 weight percent poly vinyl alcohol (PVA) binder. The suspension is ball 
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milled in high-density polyethylene bottles using zirconia-grinding media for 24 h. After 2 h of 

ball milling, the defoamer is added to the suspension. The schematic showing the entire process 

of producing porous PMN-PT using water-based freeze casting technique is displayed in Fig. 

5.1. The magnetic stirrer is used to degas the prepared homogeneous slurry under vacuum for 5 

min. The degassed slurry is then poured into pre-cooled (Teflon) molds of brass (used as cold-

finger) placed at the bottom, which helps in unidirectional solidification of the slurries from the 

bottom to the top. All the poured samples were then kept in a deep freezer (Remi ULT90), which 

freeze them from room temperature to -30 C. Further, after freezing, all the samples are 

carefully taken out of the molds and freeze dried to sublime the solvent, using a freeze drier 

(SIM International FD5) operating at -55 C and 666 mPa vacuum pressure. Subsequently, the 

conventional electrical heating furnace is used to burn off the binder (at 650 C), and sinter the 

samples at 1140 C for 3 h in a closed alumina crucible. The prepared samples with different 

porosity % is shown in Fig. 5.2.

Figure 5.2 The photographs of prepared samples of porous PMN-PT with (a) 20%, 30%, (c) 

50%, and (d) 60% porosity.

5.2.2 Characterization

The porosity of the produced samples of porous PMN-PT samples is calculated by:

(5.1)
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where, and are respectively, density of porous piezoceramics (g/cm3) and bulk density of 

piezoceramics (g/cm3), which are calculated by measuring its mass and physical dimensions. The 

is determined by fabricating a bulk sample using solid-state reaction method.

The top and bottom surfaces of cylindrical samples are made parallel by performing 

lapping of the sintered samples. Electrodes are formed on these parallel faces by applying silver 

paste so that an electrical measurement can be performed. The cylindrical samples thus obtained 

are poled by employing conventional silicon oil bath technique, where the electrical field of 4 

kV/mm is applied on the parallel faces at 50 C to 60 C for 45 min using high DC power supply 

(Glassman). The dielectric permittivity of poled samples is measured using LCR HiTester 

(HIOKI 3532, Japan) setup, and the piezoelectric coupling coefficient, is measured using the 

d33 meter (Piezotest PM300). Further, the microstructures of the sintered samples are 

investigated using FESEM (Carl Zeiss Merlin compact). 

For energy harvesting using porous PMN-PT, both the surfaces of the samples are 

connected with two wires. An impact hammer (PCB Piezotronics) is used to precisely measure 

the force applied to the samples with the help of data acquisition system (DAQ) (cDAQ, 

National instruments). The oscilloscope (3 series mixed domain oscilloscope, Tektronix) is used 

to measure the voltage output (Vout) due to hammer impact on the sample. The image 

corresponding to the energy harvesting setup is shown in Fig. 5.3.
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Figure 5.3 The setup used in energy harvesting through porous PMN-PT. 

5.3  Result and discussion 

5.3.1  Permittivity, dielectric loss, and  measurement 

Fig. 5.4 show variation of relative permittivity, , with frequency,  of applied loading for 

porous PMN-PT with 20%, 30%, 50% and 60% porosity, respectively. Also displayed in these 

figures is tangent loss, , for respective porosity. The saturated values of  and  are 

listed in Table 5.1 for different values of porosity. It can be noticed from Fig 5.4 and Table 5.1 

that relative permittivity decreases with increase in porosity of porous PMN-PT. A similar trend 

has also been repotted for other porous piezoceramics in previous studies (Curecheriu et al., 

2020). The reduction in  of the porous PMN-PT with porosity can be understood by noting the 

fact that the measured  is an aggregate relative permittivity of the air present inside the pores 

and PMN-PT matrix. Also, the volume fraction of air inside porous PMN-PT increases with 

increase in porosity. Since the relative permittivity of the air is much lower than that of PMN-PT, 

the aggregate permittivity ( ) of porous PMN-PT drops with increase in volume fraction of 

air (i.e., increase in porosity). It is also important to note that the drop in  with  is nonlinear, 

also   does not follow rule of mixture. This could be attributed to volume fraction of PMN-PT 

matrix undergoing complete poling does not vary linearly with porosity.   

Further,  is also seen to be very low for all values of porosity considered in the present 

study (refer Fig. 5.4 and Table 5.1). The lower  is desired in a dielectric material for higher 

efficiency and lower energy losses (Adekunle et al., 2023). The values of  for all the samples 

are also listed Table 5.1, which is seen to decrease with increase in porosity. The possible reason 

could be the decrease in volume of the matrix undergoing polarization and contributing to the 

piezoelectric effect (Lewis et al., 2011) due to incomplete alignments of dipoles due to the 

presence of voids (Martínez-Ayuso et al., 2019; Schultheiß et al., 2019).  
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Figure 5.4 The variation of relative permittivity ( and tangent loss (tan ) with frequency for 

20%, 30%, 50% and 60% porous PMN-PT.

Table 5.1 The values of relative permittivity ( and piezoelectric coupling coefficient ( ) 

for freeze casted porous PMN-PT with different porosity.

S. No Porosity % (pC/N) Relative permittivity ( ) tan 

1 20 1520 0.05

2 30 830 0.06

3 50 741 0.08

4 60 466 0.1

5.3.2 Microstructure of porous PMN-PT 
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Figure 5.5 The cross-sectional FE-SEM microstructural images of porous PMN-PT 

corresponding to (a) parallel to freezing direction for (i) 20%, (ii) 30%, (iii) 50%, and (iv) 60% 

porosity, and (b) perpendicular to freezing direction for (i) 20%, (ii) 30%, (iii) 50%, and (iv) 

60% porosity.

The FE-SEM images of the porous PMN-PT pertaining to cross-section parallel to the 

freezing direction are shown in Figs. 5.5(a)(i)-(a)(iv) for porosity of 20%, 30%, 50% and 60%, 

respectively. The corresponding images for cross-section perpendicular to the freezing direction 

are shown in Figs. 5.5(b)(i)-(b)(iv). For all samples, highly aligned, closely packed lamellar 

structure is observed which is replica of the oriented growth of the ice crystals during freeze 
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casting method. The lamellar structure is similar to the partial dendrite structure formed due to 

the tipping of the ice crystals. It can be seen by comparing Figs. 5.5a(i)-a(iv) that the wall 

thickness decreases, and void volume increases with increase in porosity. 

5.3.3 Energy harvesting

The energy harvesting setup used for the present experiments consists of an impact hammer for 

loading the piezoceramic, and the compact data acquisition system, cDAQ to precisely measure 

the force applied to the sample (refer Fig. 5.3). The voltage output, Vout due to the application of 

force is measured using an oscilloscope. Figs. 5.6(a)-(d) show the variation of Vout corresponding 

to different values of applied loads for 20%, 30%, 50% and 60% porosity 

Figure 5.6 The voltage output in response to the applied force for porous PMN-PT with (a) 20% 

porosity, (b) 30% porosity, (c) 50% porosity and (d) 60% porosity.

in porous PMN-PT, respectively. It can be seen from this figure that irrespective of the value of 

porosity, the Vout increases with increase in applied force. Further, the rise in porosity from 20 to 
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30%, results in the increase in the Vout, for applied loads, whereas, change in Vout is insignificant 

when porosity is further increased from 30 to 50%, irrespective of applied load. Interestingly, 

Vout starts increasing with porosity if it is increased beyond 50% (refer Fig. 5.7). The voltage 

data above 20 N is not available for 60% porous PMN-PT, due to the crushing of the sample 

above ~25 N force (refer Fig. 5.7). A similar compressive strength of porous PZT is reported by 

Zhang et al. (2020). Further, the crushing is also observed for 50% porous sample at above ~40 

N. 

 

Figure 5.7 The variation of voltage output with porosity% at different applied force. 

To summarize, in this chapter, the variation of electromechanical properties and voltage 

output has been studied for freeze casted porous PMN-PT. It must be noted that in present 

experiments the energy harvesting performance is studies for lamellar pore morphology. 

However, the finite element simulation performed on piezoelectric materials such as  

(Gupta and Venkatesh, 2006; Iyer and Venkatesh, 2010),  (Gupta and Venkatesh, 

2006) and  (Gupta and Venkatesh, 2006) shows that performance parameters depend on 

pore shape, size and distribution. Further, despite of excellent piezoelectric properties, the non-

uniform pore distribution for porous PMN-PT has not been investigated yet. Therefore, in the 

next chapter the effect of non-uniform pore distribution on the performance parameters of porous 

PMN-0.32PT are studies. 
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CHAPTER 6 

Novel designs for enhanced performance parameters of porous relaxor 

ferroelectric PMN-0.32PT  

6.1  Introduction  

 The porous piezoelectric materials are widely used in energy harvesting (Cady, 2018; 

Zhang et al., 2017; Shin et al., 2020; Roscow et al, 2018), acoustic (Smith and Auld., 1991) and 

biomedical (Polley et al., 2020; Zhang et al., 2014) applications due to their high sensitivity 

(Zhang et al., 2017; Yan et al., 2021), efficiency (Yan et al., 2021), and impedance matching 

(Zhang et al., 2017; Bowen and Kara, 2002). The increase in the above characteristics is 

achieved by introducing pores in controlled manner to the solid piezoelectric medium, which 

results in enhanced hydrostatic charge coefficient, , and surface area, by reducing the density, 

elastic constant, C, and dielectric permittivity  (Yang et al., 2010; Zeng et al., 2006). In 

addition, the porous piezoceramics exhibit an added advantage of high energy output with light 

weight over conventional piezoceramics (Chen et al., 2021).  

It has been seen that the many attempts have been made by the researchers to enhance the 

performance parameters of porous piezoceramics using various strategies such as choosing a 

suitable material, varying porosity, size, shape, orientation of pore with respect to poling 

direction. To determine the suitable material and optimum shape, size, distribution and 

orientation of pores, the finite element simulations are performed (Gupta and Venkatesh., 2006; 

Cheng and Venkatesh., 2011), as mentioned in Chapter 1. It must be mentioned that in these 

studies, the finite element simulations are performed by employing periodic boundary conditions 

on a unit cell having either a single pore or uniform/random distribution of multiple pores. The 

deformation of such unit cells mimics the response of a porous piezoceramic having 

uniform/ranom distribution of pores. The recent advancement in the manufacturing techniques 

for porous material provides leverage to explore non-uniform but controlled distribution of pores 

which might result in significant improvement in performance parameters. Such studies have not 

been undertaken in the past. Further, the performance of porous of relaxor ferroelectric PMN-

0.32PT which exhibits excellent electromechanical properties, has not been explored.   



85 
 

 Therefore, in this chapter, FE simulations are performed on porous PMN-0.32PT by using 

novel non-uniform distribution of circular, elliptical, hexagonal and square shaped pores. The 

organization of this chapter is as follows. The modelling strategy and performance parameters 

are briefly described in section 6.2 and 6.3, respectively. The important results obtained in this 

study are discussed in section 6.4. 

6.2 Modelling strategy 

 A cuboidal shaped ( ) piezoceramic (refer Fig. 6.1(a)) is 

discretized using linear piezoelectric brick (C3D8E) elements available in commercially 

available software package Abaqus 2017. In this analysis, circular, elliptical ( ), 

hexagonal and square shaped pores with 3-1 type of pore connectivity are considered. Further, 

four different arrangements of pores are analyzed to understand the effect of spatial distribution 

of pores on the electromechanical properties of a porous piezoelectric material, while keeping 

shape and volume fraction, of pores fixed. These spatial distributions, shown in Fig. 2 

corresponding to , are described as: 

 Alternate layers of solid and porous piezoceramic (refer Fig. 6.2(a)) which is termed as 

Type-I. 

 A bigger pore at the centre of the cuboid surrounded by smaller pores with gradient in 

pore-size along the radial direction as shown in Fig. 6.2(b). This distribution is referred to 

as Type-II. 

 A gradient in pore size along the  direction with layer of larger pores at the middle 

plane (see Fig. 6.2(c)). This is referred to as Type III in the followings. 

 A layer of smaller pores at the middle plane and negative gradient in pore size along the 

 direction (refer Fig. 6.2(d)). This distribution is termed as Type-IV. 

In addition to above arrangements, a uniform distribution of pores (Fig. 6.2(e)) referred to as 

Type-V, has also been analysed in order to contrast the performance parameters. 
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Figure 6.1 Schematic showing (a) 3D model with various length scales, and (b) the poling 

directions with respect to axis of pores defining the longitudinal and transverse porous 

piezoceramics.

Further, in present work, to determine the effect of orientation of axis of pores with 

respect to the poling directions, simulations are performed by considering poling direction 

parallel and perpendicular to the axis of pores. The former is referred to as longitudinal porous, 

while the latter is termed as transverse porous. The longitudinal and transverse porous 

piezoceramics can be produced by either rotating the poling direction keeping pore axis fixed or 

rotating the pore geometry while keeping poling-direction unchanged. In the present work, the 

former method is employed, and the elasticity, piezoelectric and dielectric tensors are 

transformed to make them consistent with the new poling direction. Thus, the porous 

piezoceramics are poled along axis for longitudinal porous, and along axis for transverse 

porous (refer Fig. 6.1(b)). Though, the previous studies (Roscow et al., 2018; Schultheiß et al., 

2019; Khachaturyan et al., 2016; Lewis et al., 2011) suggests that the presence of pores will 

affect the polarization of the porous piezoceramic, as the electric field distribution will be non-

uniform near the pores, which will influence the performance of porous piezoelectric materials. 

However, the objective of the present work is to study the effect of novel pore distribution on the 

performance parameters. Therefore, the porous piezoceramics are assumed to be completely and 

uniformly poled throughout the volume of the matrix of the piezoelectric material, and the 

effects of nonuniform distribution of electric field inside the porous material on polarization are 

neglected. 
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Figure 6.2 Schematic representing the different porosity distributions of circular, elliptical, 

hexagonal and square shaped pores.
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6.2.1  Constitutive relations 

The porous piezoelectric material is modelled as a composite material comprised of air 

inside a matrix of transversely isotropic piezoceramic PMN-0.32PT. Thus, the aggregate 

response of porous piezoelectric is a combined response of air and PMN-0.32PT as matrix. The 

deformation behavior of both PMN-0.32PT and air is assumed to follow linear piezoelectric 

constitutive theory, which is given in stress charge form as: 

(6.1 (a)) 

. (6.1 (b)) 

In Eq. 6.1,  and are stresses and strains along  diection on  plane, whereas  and 

respectively, represent dielectric displacement and electric field along  direction. Further, 

 represents elasticity tensor at zero or constant electric field, while correspond to 

piezoelectric coupling coefficients. Moreover, in Eq. 6.1 denotes permittivity tensor 

measured at zero or constant strain. It should be noted that, in the following, subscript  in  

and subscript  in  has been dropped. Until unless it is specified,  and  are considered as 

elastic constant at zero or constant electric field and permittivity at zero or constant strain, 

respectively. The constitutive equation for transversely isotropic piezoelectric material poled in 

3rd direction can be expressed by combining Eq. 6.1(a) and (b), as: 

(6.2) 

Similarly, the constitutive equation for transversely isotropic piezoelectric material poled in 2nd 

direction are given by:  
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(6.3) 

The values of material constants  for PMN-0.32PT are provided by the TRS 

Technologies and are listed in Table 6.1. Following the approach of Martínez-Ayuso et al. 

(2019), the values of elastic constants for air (100 Pa) is taken to be nine orders lower than that 

for piezoelectric material. Also, the relative permittivity of the air is taken as 1 which is closer to 

that of vacuum.  

Table 6.1 The material properties of longitudinal and transverse PMN-0.32PT used in the 

present study. 

 Longitudinal PMN-0.32PT Transverse PMN-0.32PT 

Elastic constants,  

(GPa) 

 114  114 

 99  99 

 102  102 

 114  114 

 94  65 

 65  94 

Piezoelectric coupling 

coefficient, e, ( ) 

 -7.1  -7.1 

 19.6  19.6 

 12.6  12.6 

Permittivity,  

 

 1211  1211 

 778  778 

Density,    8110  8110 
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 Further, in order to differentiate the electromechanical field variables and properties of 

porous piezoceramic from that of PMN-0.32PT (matrix) and air (pores), superscript  is used 

with the corresponding symbols. Moreover, the electromechanical response of porous 

piezoceramic (poled in 3rd direction) is also assumed to be characterized by the linear 

piezoelectric theory which is expressed as:  

 (6.4) 

Similarly, the electromechanical response of porous piezoceramic poled in 2nd direction is given 

as: 

 (6.5) 

 Note from Eq. 6.4 and 6.5 that there are eleven constants  governing 

the response of a porous piezoceramics, and these are determined by performing six sets of finite 

element simulations using commercially available software package ABAQUS 2017 (Dassault 

Systemes, 2017). To this end, a rectangular domain of piezoelectric porous material is discretized 

using linear piezoelectric brick elements (C3D8E). The electrical and mechanical boundary 

conditions pertaining to these simulations are presented in Table 6.2 and Table 6.3 for 

longitudinal and transverse porous piezoceramic, respectively. In these tables,  represents 
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displacement along  direction, and denotes electric potential. From these simulations, the 

instantaneous values of stresses, , and strains,  at each material points are 

recorded, and the volume average of these fields are considered as corresponding field for porous 

piezoceramic. Thus, the stress and strain components in porous piezoceramic can be computed 

using Eqs. 6.6(a) and (b), respectively. A similar approach is employed to determine the 

instantaneous values of dielectric displacements,  and electric field  in porous 

piezoceramic (Eqs. 6.6(c) and (d)).  

(6.6(a)) 

(6.6(b)) 

(6.6(c)) 

(6.6(d)) 

 

Having the values of stress, strain, dielectric displacement and electric field in porous 

piezoceramic, the electromechanical properties are determined by invoking Eqs. 6.4 and 6.5 

(refer Tables 6.2 and 6.3) for longitudinal and transverse porous piezoceramic, respectively. For 

instance, to determine the elastic constants,  and  for longitudinal porous, the boundary 

conditions described in first row of Table 6.2 are applied i.e. the normal displacements and 

electric potential ( ) on all the faces are set to zero, except for  face, where the displacement 

along  direction is prescribed. Note that these boundary conditions result in non-zero values 

of , and , while other components of stress and strain remains zero. Having 

known the values of , and , the constants  and  can be determined from 

Eq. 4 as and , respectively. In the same manner, all the 

material constants are determined by using Eqs. 6.4 and 6.5, and Tables 6.2 and 6.3 for 

longitudinal and transverse porous PMN-0.32PT, respectively. 
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Table 6.2 The boundary and loading conditions used to determine the material coefficients for 

longitudinal porous piezoceramics.

Table 6.3 The boundary and loading conditions used to determine the material coefficients for 

transverse porous piezoceramics.

6.3 Performance parameters for longitudinal and transverse porous 

piezoceramics

The performance parameters such as hydrostatic charge coefficient, hydrostatic voltage 

coefficient, hydrostatic figure of merit, specific acoustic impedance, and piezoelectric coupling 

coefficient are generally determined to characterize the performance of a porous piezoceramic 

for biomedical imaging and under water acoustic applications (Chen et al., 2021). Therefore, 

these parameters are determined for all porous piezoceramics considered in this study to identify 

the most suitable distributions of pores for above said applications. For better understanding of 

the readers, the performance parameters are first described in the following.   

The hydrostatic charge coefficient, , and the hydrostatic voltage coefficient, , are 

defined as the generated electric charge and electric field due to the application of unit 

hydrostatic stress, respectively. The larger values of both the parameters are needed to achieve 
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better sensitivity of an acoustic sensor to detect sound waves with minimum noise. Therefore, the 

values of  and  are determined for longitudinal and transverse porous piezoceramic 

by using Eqs. 6.7(a) and (b), respectively. 

 (6.7(a)) 

 (6.7(b)) 

In Eq. 6.7,  is piezoelectric strain coupling coefficient which is defined as 

. Here,  is permittivity measures at zero 

or constant stress. 

 Further, the piezoelectric coupling coefficient, , represents the efficiency of a 

transducer/sensor to convert either mechanical to electrical energy or vice-versa. For longitudinal 

and transverse porous piezoceramic, it is given by:  

 (6.8(a)) 

 (6.8(b)) 

where,  represents the elastic tensor measured at zero or constant dielectric displacement 

which can be evaluated by using the relation: .  

 Moreover, the acoustic impedance,  is resistance offered by the medium during 

transmission of sound wave through it. can be determined by using Eq. 9(a) and (b) for 

longitudinal and transverse porous piezoceramic, respectively.  

 
(6.9(a)) 

 
(6.9(b)) 
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Here,  is the effective density of porous piezoceramic, which is taken as: 

. Note that  is an important parameter to be considered in selecting a 

piezoceramic for application like hydrophones and medical ultrasound, because the larger 

difference in the value of  of piezoceramic and surrounding medium leads to higher noise to 

signal ratio. Therefore, for smooth transmission of sound waves between transducer/sensor and 

surrounding medium (such as water or human tissues), the values of  for the former and latter 

should be as close as possible. 

6.4  Result and discussion 

6.4.1  Performance of longitudinal porous piezoceramic 

6.4.1.1 Elastic, piezoelectric, and dielectric constants 

Figs. 6.3(a), (b) and (c) show the values of elastic constants, piezoelectric coupling 

coefficients and dielectric permittivity, respectively, for longitudinal porous piezoceramic with 

different spatial distribution of pores. Note that the initials C, E, H and S are used for circular, 

elliptical, hexagonal and square shaped pores, respectively, and subscript I, II, III, IV and V 

represents the type of porosity distribution (refer Sec. 6.2).  It can be seen from Fig. 6.3 that 

irrespective of the shapes of pores, their spatial distributions significantly affect the values of all 

elastic constants, piezoelectric coupling coefficients except  (see Fig. 6.3(b(ii))) and  

(see Fig. 6.3(c(ii))). Further, the longitudinal piezoelectric coupling coefficient ( ) is much 

higher than the transverse piezoelectric coupling coefficient ( ) for all pore shapes and spatial 

distribution (refer Fig. 6.3(b)).  
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Figure 6.3 The values of (a) elastic constants, , (b) piezoelectric coupling coefficients, , and 

(c) dielectric permittivity, , for different distributions of circular, elliptical, hexagonal and 

square shaped pores in longitudinal porous piezoceramic.
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6.4.1.2 Hydrostatic charge coefficient ( ), hydrostatic voltage coefficient 
( , and hydrostatic figure of merit (

Figs. 6.4(a), (b) and (c) show the values of and corresponding to different 

distributions of pores for longitudinal porous piezoceramics, respectively. It can be seen from 

Fig. 6.4(a) that the values of for longitudinal porous PMN-0.32PT having Type-V distribution 

of circular pores (refer in Fig. 6.4(a)) is around 40 m/V which is almost 25.90%, 

112% and 1065% higher than that reported for porous (Gupta and Venkatesh, 2006; Iyer 

and Venkatesh, 2010), (Iyer and Venkatesh, 2010) and (Iyer and 

Venkatesh, 2010), respectively. Similarly, for the distributions and in Fig. 6.4(a) is 

~113%, and ~2400% higher than the corresponding values reported for porous (Gupta 

and Venkatesh, 2006) and PZT-7A foam (Singh et al., 2013), respectively. Thus, it can be 

deduced that a significantly large can be achieved in a longitudinal porous piezoceramics by 

producing them from relaxor ferroelectric PMN-0.32PT.

Figure 6.4 The values of (a) hydrostatic charge coefficient, , (c) hydrostatic voltage 

coefficient, and (e) hydrostatic figure of merit, for different distributions of circular, 

elliptical, hexagonal and square shaped pore in longitudinal porous piezoceramics.

It can be further noticed from Fig. 6.4(a) that irrespective of the shapes of pores, their 

spatial distribution strongly influences the value of . For example, the uniform distribution of 
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all shaped pores (i.e., type V distribution) shows lowest . Also, type I distributions of the 

circular, hexagonal and square shaped pores exhibit highest , while for elliptical pores, type III 

shows highest . Indeed,  for  and  are respectively 290%, 220%, 223% and 

125% higher than that for type-I distribution of corresponding pores. Thus, it is evident that the 

use of non-uniform pore-distribution may result in around 125% higher . It can also be 

deduced from Fig. 6.4(a) that the maximum value of hydrostatic charge coefficient among 

different distributions with identical pore shapes follows trend, 

, where  represents the maximum value of hydrostatic charge 

coefficient pertaining to distribution x. Therefore,  can be considered to be the optimum 

longitudinal porous PMN-0.32PT piezoceramic with  exhibiting highest . 

 Fig. 6.4(b) shows the values of  corresponding to different distributions of pores for 

longitudinal porous piezoceramics. By comparing Fig. 6.4(a) with (c), it can be seen that the 

trend of  is similar to that of . Likewise,  for longitudinal porous displayed, in Figs 

6.4(c) also exhibit similar trend to that of  and  for corresponding porous piezoceramics. 

Thus, the value of  for longitudinal  type porous PMN-0.32PT (refer Fig. 6.4(c)) is 

~217%, 9% and 154% higher than that for porous  (Gupta and Venkatesh, 2006; Iyer and 

Venkatesh, 2010),  (Iyer and Venkatesh, 2010) and  (Iyer and Venkatesh, 

2010),  respectively. Moreover, for  and  type porous PMN-0.32PT, it is ~980%, and 

1160% higher than that for corresponding porous  (Gupta and Venkatesh, 2006) and 

PZT-7A foam (Singh et al., 2013), respectively. Therefore, it can be concluded that use of PMN-

0.32PT to produce porous piezoceramics results in significantly large  and . It can be 

further noticed from Fig. 6.4 that  type arrangement shows highest  and  in 

longitudinal porous piezoceramics of PMN-0.32PT.   
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Figure 6.5 The values of (a) piezoelectric coupling coefficient, and (c) specific acoustic 

impedance,  for different distributions of circular, elliptical, hexagonal and square shaped pores 

in longitudinal porous piezoceramic. 

6.4.1.3 Piezoelectric coupling coefficient ( ) and specific acoustic 

impedance (Z) 

 Fig. 6.5(a) shows the values of  corresponding to different distributions of pores for 

longitudinal porous PMN-0.32PT. Note from Fig. 5(a) that   for  type porous PMN-0.32PT 

is around 0.72, while it has been reported to be around 0.38, 0.49 and 0.16 for similar type of 

porous  (Gupta and Venkatesh, 2006; Iyer and Venkatesh, 2010),  (Iyer and 

Venkatesh, 2010) and  (Iyer and Venkatesh, 2010), respectively. Thus, the maximum 

value of reported for  type porous piezoceramics is around 47% lower than the observed  

for present porous PMN-0.32PT. In addition, it is respectively ~98% and 30% lower for  and 

 type porous  (Gupta and Venkatesh, 2006) and porous PZT-7A foam (Singh et al., 

2013) than that for porous PMN-0.32PT in the present study. Thus, Fig. 6.5 (a) also suggests 

that use of PMN-0.32PT is advisable to achieve larger  in a porous piezoceramic. Further, in 

Fig. 6.5(a), the values of  are almost similar for all types of pore shapes and distribution, 

though type V distribution of pores leads to lowest  for a given pore shape. In addition,  

and  type porous PMN-0.32PT show highest , therefore these can be considered to be desired 

porous piezoceramics to achieve a better energy conversion efficiency. 

 Further, Fig. 6.5(b) show the values of Z for different pore shapes and their distribution 

corresponding to longitudinal porous piezoceramic. The reported value of Z for conventional  

type porous  (Gupta and Venkatesh, 2006; Iyer and Venkatesh, 2010),  (Iyer and 

Venkatesh, 2010),and  (Iyer and Venkatesh, 2010) is nearly equal to that for 

corresponding porous PMN-0.32PT obtained in present study (Fig. 6.5(b)). In addition,  for 

and  type porous PMN-0.32PT are almost closer to that for corresponding porous  

(Gupta and Venkatesh, 2006) and porous PZT-7A foam (Singh et al., 2013), respectively. 

Similar to the trend observed in , Z also varies insignificantly with the change in the 

distribution and shapes of pores. Further, the highest and lowest values of Z are seen for  and 

 type porous PMN-0.32PT. It is important to note that the lower value of Z is desired for 
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acoustic and biomedical application to enhance the impedance matching between the porous 

piezoceramic and surrounding media which could be water or human tissues. Hence, the  

type longitudinal porous PMN-0.32PT are expected to offer the best impedance matching and 

therefore most suitable design for fabricating the acoustic and biomedical transducers. 

 In summary, the use of PMN-PT in manufacturing the longitudinal porous piezoceramics 

enhance the performance parameters. The use of novel non-uniform pore distribution further 

enhances the performance parameters as compared to the uniform pore distribution. Therefore, 

the Type-III distribution of elliptical pore is best design for better sensing (due to high ,  

and ), energy conversion efficiency (due to larger , and impedance matching (due to 

high Z). 

6.4.2  Performance of transverse porous piezoceramic 

6.4.2.1 Elastic, piezoelectric and dielectric constants 

 Figs. 6.6 (a), (b), and (c) show the values of elastic constants, piezoelectric coupling 

coefficients and dielectric permittivity, respectively, for transverse porous piezoceramic having 

different spatial distribution of pores. It can be seen from Fig. 6.6 that irrespective of the shapes 

of pores, their spatial distributions significantly affect the values of all elastic constants, 

piezoelectric coupling coefficients. Further, the change in orientation of pore marginally affects 

elastic constants (compare Fig. 6.3(a) with Fig. 6.6(a)), whereas the dielectric constants are 

larger for transverse porous as compared to longitudinal porous (compare Fig. 6.3(c) with Fig. 

6.6(c)). Furthermore, the transverse piezoelectric coupling coefficient for transverse porous 

piezoceramic (i.e.,  in Fig. 6.6(c)) is much higher than the corresponding coefficient in 

longitudinal porous piezoceramic (i.e.,  in Fig. 6.3(c)). By contrast, the longitudinal- and 

shear- piezoelectric coupling coefficients for transverse porous piezoceramic is lower than that 

for longitudinal porous piezoceramic (i.e.,  in Fig. 6.6(b(ii)) in Fig. 6.3(b(ii)), and 

in Fig. 6.6(b(iii)) Fig. 6.3(b(iii))). 
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Figure 6.6 The values of (a) elastic constants, , (b) piezoelectric coupling coefficients, , and 

(c) dielectric permittivity, , for different distributions of circular, elliptical, hexagonal and 

square shaped pores in transverse porous piezoceramic.
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6.4.2.2 Hydrostatic charge coefficient ( ), hydrostatic voltage coefficient 

( , and hydrostatic figure of merit (

Fig. 6.7(a) show the magnitude of corresponding to different distributions of pores for 

transverse porous piezoceramics. It can be seen from Fig. 6.7(a) that irrespective of the shapes of 

pores, their spatial distribution strongly influences the value of for transverse

porous piezoceramic as well. In contrast to the trend observed for longitudinal porous (refer Fig. 

6.4(a)), the for transverse porous is maximum for type V distribution for all pore shapes, 

except elliptical pores, wherein type IV distribution generates maximum . Note from Fig. 

6.7(a), the maximum for different pore shape exhibit trend, 

. Therefore, can be considered to be the optimum transverse porous 

PMN-0.32PT piezoceramic which exhibit highest .

Figure 6.7 The values of (a) hydrostatic charge coefficient, , (c) hydrostatic voltage 

coefficient, and (e) hydrostatic figure of merit, for different distributions of circular, 

elliptical, hexagonal and square shaped pore in transverse porous piezoceramic.

Figs. 6.7(b) and (c) shows the magnitude of and corresponding to different 

distributions of pores for transverse porous piezoceramic, respectively. By comparing Figs. 

6.7(a) with (b) and (c), it can be seen that the trend of and is similar to that of . 
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Therefore, the maximum and for different pore shape exhibit trend, 

. Thus, it 

can be concluded that type arrangements show highest and in transverse porous 

piezoceramics of PMN-0.32PT.

6.4.2.3 Piezoelectric coupling coefficient ( ) and Specific acoustic 

impedance (Z)

Fig. 6.8(a) shows the values of corresponding to different distributions of pores for 

transverse porous PMN-0.32PT. In contrast to the trend shown Fig. 6.5(a), the values of for 

transverse porous PMN-0.32PT in Fig. 6.8(a) varies significantly with shape and distribution of 

pores. The is lowest for conventional type V pore distribution for all pore shapes, while it is 

higher for type I distribution for all pore shapes, except square-shaped pores. Since is 

maximum for and type porous, therefor these are optimum designs of transverse porous 

piezoceramic.

Figure 6.8 The values of (a) piezoelectric coupling coefficient, and (c) specific acoustic 

impedance, for different distributions of circular, elliptical, hexagonal and square shaped pores 

in transverse porous piezoceramic.

Fig. 6.8(b) show the values of Z for different pore shapes and their distribution 

corresponding to and transverse porous piezoceramic. In contrast to the longitudinal porous 

(refer Fig. 6.5(b)), the transverse porous PMN-0.32PT shows significant variation in Z as shown 

in Fig. 6.8(b). Note that lowest and highest values of Z are exhibited by and type 

distribution, respectively. Thus, it can be concluded that the most suitable design for the acoustic 

and biomedical application is .
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 In summary, the optimum design for high sensitivity is type V of square pore in 

transverse porous piezoceramic. Whereas, the efficiency is maximum for type I of circular and 

hexagonal pore, and better impedance matching for type III of elliptical pore.  

 From Fig. 6.4 and 6.5 it can be deduced that  type longitudinal porous PMN-0.32PT 

exhibits enhanced sensitivity (refer Figs. 6.4(a)-(c)), energy conversion efficiency (see Fig. 

6.5(a)) and impedance matching (refer Fig. 6.5(b)).  However, for transverse porous PMN-

0.32PT,  type is best design for requirement of high sensitivity (refer Fig. 6.7(a)-(c)),  and 

 types are best design for high energy conversion efficiency (see Fig. 6.8(a)), and  type is 

best suitable for impedance matching (refer Fig. 6.8(b)). Further, the most suitable design based 

on overall performance parameters for transverse porous piezoceramic is . 

In summary, a large number of finite element simulations are performed on longitudinal 

and transverse porous PMN-0.32PT with five different types of distribution (type I, II, III, IV 

and V) of circular, elliptical, hexagonal and square shaped pores corresponding to 3-1 type of 

pore connectivity. The results show that the use of relaxor ferroelectric PMN-0.32PT in 

producing porous piezoceramic enhances the performance parameters in comparison to the 

porous of other piezoelectric materials.  In addition, the use of novel pore distribution further 

enhances the performance parameters. The results also provide guidelines in designing porous 

PMN-0.32PT with enhanced performance parameters.   
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CHAPTER 7 

Conclusions 

The important conclusions from the work reported in Chapters 2-6 are summarized in this 

chapter. 

 

7.1  Indentation induced phase transformation of PMN-0.32PT single crystal 

In Chapter 2, the indentation response of relaxor ferroelectric [001] poled PMN-0.32PT single 

crystal has been studied by performing micro-indentation experiments against poling direction. 

The experimental findings from this chapter are: 

 The hardness is observed to drop with increase in load which is commonly referred to as 

indentation size effect (ISE).  

 The load-independent hardness of these crystals is found to be  GPa. In 

addition, the indentation fracture toughness is also determined by employing Palmquist 

technique considering the crack length induced by Vickers indentation.  

 The XRD analysis performed on indented surfaces shows the formation of doublet at 

around and which signifies the phase transformation.  

 The indentation induced phase transformation is also confirmed by the Raman spectrum 

which shows that the -

  

 It is found that ISE in PMN-0.32PT single crystal can be satisfactorily described by 

proportional specimen resistance (PSR) model, but not by modified PSR model.  

 Thus, in summary, ISE in poled PMN-0.32PT single crystals is attributed to 

 of resistance offered by the specimen to indenter penetration, the 

interface friction, and -

.   

7.2  Effect of poling direction on hardness and indentation fracture toughness 

of PMN-0.28PT and PMN-0.32PT single crystals 
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In Chapter 3, the hardness and indentation fracture toughness anisotropy in PMN-0.28PT and 

PMN-0.32PT single crystals is investigated through micro-indentation experiments. In this study, 

the indentation experiments are performed by keeping the indentation direction antiparallel and 

perpendicular to the poling direction. The former is referred to as parallel indentation, and the 

latter is termed as perpendicular indentation. The important conclusions from the present chapter 

are:  

 Both PMN-0.28PT and PMN-0.32PT single crystals exhibit higher hardness for 

parallel indentation than perpendicular indentation, which can be attributed to the 

alignment of polarization vector being almost opposite to the loading direction. 

However, 0.32PT crystal shows more hardness than 0.28PT crystal, irrespective of 

the direction of loading. The finite element simulations of indentation show that the 

higher hardness in 0.32PT is caused by the higher value of the piezoelectric coupling 

coefficient  in these crystals.  

 The length of cracks emanating from the imprint corners is almost similar in the case 

of parallel indentation, whereas it differs for perpendicular indentation. In fact, crack 

parallel to the poling direction are longer than cracks perpendicular to the poling 

direction, which results in different indentation fracture toughness along these two 

directions, in the case of perpendicular indentation.  

 The slope of Switching spectroscopy piezoresponse force microscopy (SS-PFM) 

amplitude (A) versus Bias voltage (VB) at zero VB, , increases along the crack 

perpendicular to the poling direction, while it drops along the crack parallel to the 

poling direction in the case of perpendicular indentation. By considering  

representing the orientation of polarization vectors at a point, it is deduced from the 

variation of  along the two cracks that the domains switching occurs only after the 

crack propagation along the poling direction, while it happens before as well as after 

crack propagation along perpendicular to the poling direction during perpendicular 

indentation.  

 Based on the  variation, following crack propagation mechanism is proposed for 

perpendicular indentation. The initial state of the domain wall (which are parallel to 

the poling) facilitates the crack propagation without domain switching leading to 
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lower energy dissipation and lower indentation fracture toughness along poling 

direction. On the other hand, the domain walls being perpendicular to the crack 

necessitate the domain switching in such a way that they become parallel to the crack 

along perpendicular to the poling direction too. This requires larger energy dissipation 

resulting in higher indentation fracture toughness and smaller crack along 

perpendicular to the poling direction.  

 

7.3  Effect of strain rate on the hardness of relaxor ferroelectric PMN-0.32PT 

single crystals 

In Chapter 4, the effect of strain rate on the hardness of [001], and [011] oriented PMN-0.32PT 

single crystals is investigated through nanoindentation experiments. In addition, the effect of 

strain rate on indentation size effect (ISE) is also investigated using various mechanistic models. 

The important conclusions from the present chapter are: 

 The load-displacement (P-h) curve of [001] oriented PMN-0.32PT single crystal 

shows increase in maximum penetration depth, residual depth, and dwell 

displacement with increase in strain rate. In addition, the displacement burst is also 

seen below 6mN and 4mN for [001], and [011] orientation, respectively. 

 The hardness increases with decrease in strain rate for both [001], and [011] 

orientations. Further, the ISE is also observed in both the orientations for all the strain 

rates.  

 ) decreases with increase in strain rate, which represents the 

 

 The Heys-Kendall model reveals lower value Pmin is obtained for lower SR, which 

suggests that H-K model is not appropriate to describe the ISE in PMN-PT single 

crystals. 

 The PSR model qualitatively describes the ISE but underestimates the load 

independent hardness. 
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 The MPSR model satisfactorily describes the ISE at different strain rates and the 

values of load independent hardness are more in line with the experimental hardness. 

 The ISE noticed in present work can be attributed to the plastic deformation, elastic 

resistance of the specimen, nucleation of surface cracks, and tensile residual stresses 

.  

7.4  Effect of pore volume fraction on energy harvesting of freeze casted 

porous PMN-PT 

In chapter 7, the effect of pore volume fraction on the piezoelectric properties of the porous 

PMN-PT is studied.  In addition, the energy harvesting capabilities of porous PMN-PT is also 

investigated at different loads. The important conclusions from the present chapter are: 

 The piezoelectric coupling coefficient and dielectric permittivity decreases with increase 

in pore volume fraction.  

 Irrespective of the volume fraction of porosity, the voltage output increases with increase 

in load. 

 The voltage output is highest for 60% porosity corresponding to 10, 15 and 20 N. 

 

7.5  Novel designs for enhanced performance parameters of porous relaxor 

ferroelectric PMN-0.32PT 

In Chapter 6, a large number of finite element simulations are performed on longitudinal and 

transverse porous PMN-0.32PT with five different types of distribution (type I, II, III, IV and V) 

of circular, elliptical, hexagonal and square shaped pores corresponding to 3-1 type of pore 

connectivity. The important conclusions from the present study are given below: 

 The values of the performance parameters of porous PMN-0.32PT are found to be 

improved in comparison to that reported for porous of other piezoceramics such as 

and  foam.  

 The parameters ,  and  are strongly influenced by the shape and spatial 

distribution of pores for both longitudinal as well as transverse porous PMN-0.32PT. 
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Further, the coefficients and Z are weakly influenced by the spatial distribution for 

longitudinal porous, whereas these are significantly affected by placement of pores in 

transverse porous PMN-0.32PT.  

 The optimum spatial distribution of pores based on the figures of merits for longitudinal 

as well as transverse porous PMN-0.32PT having circular, hexagonal and square shaped 

pores are type I and type V, respectively, whereas type III and type IV are found to be 

more suitable when pores are elliptical in shape.  

 In addition, among all pore shapes and distribution, the best pore shape for longitudinal 

and transverse porous PMN-0.32PT is ellipse with type III and type IV, respectively, 

distribution for maximum sensitivity and efficiency with minimum noise to signal ratio. 

 Thus, the present study suggests that the use of relaxor ferroelectric PMN-0.32PT in 

producing porous piezoceramic would help to enhance all the performance parameters in 

comparison to the porous of other piezoelectric materials.  The results also provide 

guidelines in designing porous PMN-0.32PT with enhanced performance parameters. 

   

7.6  Scope for future study 

The present work is divided into two parts. The first part focused on understanding the 

indentation response of PMN-PT single crystals near morphotropic phase boundary. The second 

part focused on enhancing the performance of porous PMN-PT. The insights gained from the 

present study can provide the necessary background to carry out further research in this area. 

Some specific studies are suggested below. 

 Recently, 2-dimensional phase-field based indentation simulations performed by Qi et al. 

(2022) has shown the orientation of domain beneath the indenter. In Chapter 2, the ISE is 

PMN-0.32PT single crystal is mainly attributed to the polarization rotation induced phase 

transformation. In future, this study can be extended to investigate process of phase 

transformation beneath the indenter using 3-dimentional phase-field based indentation 

simulations. 

 The indentation induced phase transformation on the top surface of the PMN-0.32PT 

single crystal is shown in Chapter 1. This study can be further extended by performing 
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indentation on the bonded interface (Sharma et al., 2021) to reveal the phase present in 

the bottom layers of these materials. 

 The rate dependent indentation response of PMN-0.32PT single crystals is studied in 

Chapter 4. This study can be extended further to understand the effect of high strain rate 

on the electromechanical performance of these materials. 

 Recent advancements in additive manufacturing of piezoelectric material have enabled 

the ease in fabricating the complicated shaped (Chen et al., 2020). In Chapter 6, the novel 

distribution of different pore shapes has shown enhanced performance parameters. In 

future, the porous piezoceramics with these novel pore distribution can be fabricated for 

better performance parameters. 

 Further, the effect of these non-uniform pore distributions on the performance of lead-

free piezoelectric materials. 
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