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Abstract of the Dissertation 

Nanoindentation of Piezoelectric Materials 

by 

Guang Cheng 

Doctor of Philosophy 

in 

Materials Science and Engineering  

Stony Brook University 

2013 

 

Piezoelectric materials, with their unique electromechanical coupling characteristics, 

have found widespread use in many applications as sensors and actuators. With a 

continuing demand for macroscale piezoelectric devices with better performance 

characteristics, numerous efforts have been made to synthesize “bulk” monolithic and 

composite piezoelectric materials with better properties. More recently, within the context 

of microscale devices such as smart MEMS, self-powered sensors, microbatteries, and 

energy harvesting devices, there is a growing interest in developing “thin-film” 

piezoelectric materials. While, advances in microfabrication technology have greatly 

helped the synthesis and fabrication of piezoelectric thin films and structures, there is a 

continuing need to develop small-scale test methods to characterize the properties of 

such thin film piezoelectric materials. While nano-indentation-based methods of property 

determination have been demonstrated to provide useful information about the 

mechanical properties – elastic, plastic, hardness, and fracture properties, of metallic 

materials in the thin film form, comprehensive efforts to develop the nanoindentation (or 

indentation) technique for understanding the electromechanical properties of thin-film 

piezoelectric materials are not available.  

The objectives of the present work are: (i) to obtain a comprehensive understanding 

of the indentation response of several classes of anisotropic piezoelectric materials; (ii) 
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to elucidate the role of the indenter geometry and the indenter conductivity on the 

effective indentation response of anisotropic piezoelectric materials; (iii) to characterize 

the effects of electric fields on the indentation response of piezoelectric materials; (iv) to 

compare the indentation response of piezoelectric thin films with that of piezoelectric 

islands; (v) to differentiate between materials that are piezoelectrically active or passive, 

that is, poled and unpoled, and those that are piezoelectrically strong and weak; and (vi) 

to identify the principal poling directions in active materials. 

Three-dimensional finite element models are developed to accurately capture the 

force–depth and charge–depth nanoindentation response of several classes of 

anisotropic piezoelectric materials such as relaxor ferroelectrics for which analytical 

models are at present unavailable. Upon validating the finite element model for 

transversely isotropic materials and with experimental results, it is demonstrated that the 

nanoindentation response of anisotropic piezoelectric materials displays a strong 

dependence on the nature of the indenter geometry and relatively weak dependence on 

the indenter conductivity. Furthermore, by recourse to “longitudinal” and “transverse” 

indentations, the nanoindentation method can also be used to identify the poling 

directions in piezoelectric materials as well. It is also demonstrated that the indentation of 

piezoelectric materials which are subjected to electric fields can be used to uniquely 

identify the piezoelectric characteristics of thin films that exhibit in-plane poling as well.  
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Chapter 1 Background and Motivation 

1.1 Piezoelectric materials 

Piezoelectricity – a direct conversion of mechanical stress to the electrical 

charge and vice versa – has been discovered about 130 years ago. Since then, 

piezoelectric materials have attracted a lot of interest for application as well as 

fundamental research. These days, synthetic piezoelectric crystals, ceramics, 

polymer sheets and thin/thick films are widely applied in transducers, actuators  

 

 

Figure 1 Schematic illustrating (a) the crystal structure of Barium Sodium Niobate (BaTiO3),(b) 
Hexagonal wurtzites Zinc Oxide (ZnO) (c) the direct piezoelectric effect (d)the reverse piezoelectric 
effect 
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and sensors. Among these materials, Barium Titanate (BaTiO3-ABO3 type) with 

perovskite structure is one of most representative materials. It has been studied 

since 1946 as a promising material with high permittivity for ceramic capacitors. 

Now, it has already been easily fabricated and shaped at low price Hexagonal 

wurtzites Zinc Oxide (ZnO) is another example of piezoelectric/ferroelectric 

material and has been applied in thin films system considering their symmetry 

crystal structures. However, different from Barium Titanate, ZnO belongs to 

piezoelectric material but not ferroelectric material for its crystal structure. (Figure 

1 (a) and (b)) Recently, new technologies and materials are developed to 

integrate piezoelectric materials in Micro Electro Mechanical Systems (MEMS) 

and biosensors. However, it has been difficult to access the properties of 

piezoelectric materials in small-volume[1, 2].  

 

Piezoelectricity is defined as electric polarization produced by mechanical 

strain in crystals belonging to certain classes, the polarization being proportional 

to the strain and changing sign with it by Cady [3]. The direct piezoelectric effect 

can be identified as electric charge generated from stress and the converse 

piezoelectric effect can be described as mechanical movement generated from 

electric potential. (Figure 1 (c) and (d)) Then, based on the three basic properties 

(elastic modulus, piezoelectric coefficient and dielectric coefficient) of 

piezoelectric materials and ignoring thermal effect, the basic coupled equations 

for linear elastic region are shown as below 

 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙
𝐸 휀𝑘𝑙 − 𝑒𝑖𝑗𝑘𝐸𝑘 

𝐷𝑖 = 𝑒𝑖𝑘𝑙휀𝑘𝑙 + 𝑘𝑖𝑗
𝜀 𝐸𝑗 

Here tensor is necessary to represent mechanical and electric terms due to 
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solid-state as well as directional dependence of piezoelectric materials. 𝜎𝑖𝑗 and 

휀𝑘𝑙 are the second rank stress and strain tensors respectively, 𝐸𝑘 and 𝐷𝑖 are the 

electric field and displacement vectors, 𝑘𝑖𝑗 is the second rank dielectric tensor, 

𝑒𝑖𝑘𝑙 is the third rank coupling tensor, and 𝐶𝑖𝑗𝑘𝑙 is the fourth rank elasticity tensor. 

Superscripts E and ε indicate that the elasticity and permittivity values are 

determined under conditions of zero or constant electric field and strain. Besides 

the signal shown above, there are also other terms and transformation 

relationships which might be referred in this report is listed in Table 1. 

 

Also the above could be written as  

𝜎𝑚 = 𝐶𝑚𝑛
𝐸 휀𝑛 − 𝑒𝑚𝑛𝐸𝑛 

𝐷𝑚 = 𝑒𝑚𝑛휀𝑛 + 𝑘𝑚𝑛
𝜀 𝐸𝑛 

 

Here m and n are transformed from ij and kl as follows: for ij or kl=11, 22, 33, 

23, 13, or 12, m and n correspond to 1, 2, 3, 4, 5, or 6, respectively e.g., ε12=ε6 

and 𝐶1122=𝐶12. 1, 2 and 3 refer to x, y and z axis in Cartesian coordinate. 

Traditionally, for bulk piezoelectric materials, small and large signal 

resonance methods are applied to detect the properties of piezoelectric materials 

by three different modes: radial mode, thickness extension mode and 

thickness-shear mode. For measurement of piezoelectric thin film, other than 

resonance methods, some contact methods, which cause direct piezoelectric 

effect by pneumatic pressure rig or metallic tips, were also applicable [4-6].  
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Table 1 Coupled constitutive relationships for linear elastic piezoelectric materials 

(a)definition of various terms 

휀𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙
𝐸 𝜎𝑘𝑙 + 𝑑𝑖𝑗𝑘𝐸𝑘𝐷𝑖 = 𝑑𝑖𝑘𝑙𝜎𝑘𝑙 + 𝑘𝑖𝑗

𝜎 𝐸𝑗 
stress(σ) and electric field(E) are the 

independent variables 

휀𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙
𝐷 𝜎𝑘𝑙 + 𝑔𝑘𝑖𝑗𝐷𝑘𝐾𝑖 = −𝑔𝑖𝑘𝑙𝜎𝑘𝑙 + 𝛽𝑖𝑗

𝜎 𝐸𝑗 
stress(σ) and electric displacement(D) are the 

independent variables 

𝐸𝑖 , 𝐷𝑖 
electric field and electric displacement vectors, 

respectively 

휀𝑖𝑗 , 𝜎𝑖𝑗 
second rank strain and stress 

tensors ,respectively 

𝑘𝑖𝑗
𝜎 , 𝑘𝑖𝑗

𝜀  

second rank permittivity tensor where the 

superscript refers to the property being 

measured at zero or strain, respectively 

𝑒𝑖𝑘𝑙 , 𝑑𝑖𝑘𝑙 , 𝑔𝑖𝑘𝑙 third rank coupling tensors 

𝑆𝑖𝑗𝑘𝑙
𝐸  , 𝑆𝑖𝑗𝑘𝑙

𝐷  

Fourth rank compliance tensor where the 

superscript refers to the property being 

measured at zero or constant electric field or 

electric displacement, respectively 

𝐶𝑖𝑗𝑘𝑙
𝐸  , 𝐶𝑖𝑗𝑘𝑙

𝐷  

Fourth rank elasticity tensor where the 

superscript refers to the property being 

measured at zero or constant electric field or 

electric displacement, respectively 

(b) relationship between terms in (a) 

𝛽𝑖𝑗𝑘𝑖𝑘 = 𝛿𝑖𝑘 

𝐶𝑖𝑗𝑝𝑞𝑆𝑝𝑞𝑘𝑙 = 𝛿𝑖𝑗𝑘𝑙 

S𝑖𝑗𝑘𝑙
𝐸 − S𝑖𝑗𝑘𝑙

𝐷 = 𝑑𝑚𝑖𝑗𝑔𝑚𝑘𝑙 

𝑑𝑛𝑖𝑗 = 𝑒𝑛𝑘𝑙𝑆𝑘𝑙𝑖𝑗
𝐸  

𝑘𝑛𝑚
𝜎 − 𝑘𝑛𝑚

𝜀 = 𝑑𝑛𝑘𝑙𝑔𝑚𝑘𝑙 

𝑔𝑛𝑖𝑗 = 𝛽𝑛𝑚
𝜎 𝑑𝑚𝑖𝑗 

𝛿𝑖𝑗 = {
1,          𝑖 = 𝑗
0,  𝑖 ≠ 𝑗
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1.2 Nanoindentation  

 

Figure 2 Schematics of: (a) spherical indentation, (b) force (P)–depth (h) indentation response f the 
indented material and (c) power law elasto-plastic behaviour of the indented material  

In last decade, instrumental indentation has been established as a 

quantitative tool for the characterization of mechanical properties of materials, 

such as metals, alloys, ceramics, polymers, graded materials and composite 

material, on various scales [7-13]. Regarding the advantage of small scale and 

non-damage, indentation has been applied in many areas such as thin-films, 

coatings, and small-volume materials where conventional methods of property 

evaluation are not readily applicable. In previous research on indentation 

characterization of elastic–plastic solids, two steps of analysis, forward analysis 

and reverse analysis, were accomplished. In the forward analysis, the 

depth-indentation responses are calculated from materials properties and 

geometries of indenter, functional forms that relate the elastoplastic properties of 

the material to the principal components of the force–depth indentation response 

was identified. In the reverse analysis, via transforming functional forms derived 

from forward analysis, elasto-plastic properties are estimated from the measured 

indentation responses [14-19]. (Figure 2) 
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1.3 Prior work on nanoindentation of piezoelectric 

materials 

In last 20 years, researchers have been trying to devise a measurement 

method of piezoelectric materials by instrumental nano/micro indentation. Earlier 

research originated from analytical models of piezoelectric contact and the first 

work was reported in 1987 to solve the contact problem of a circular rigid punch 

against a piezoelectric ceramics half-space with axial polarization. Equations of 

stress and electric displacement distribution on polarization direction are derived 

via Hankel Integral [20].  

Then based on this method, analytical models of indentation on piezoelectric 

materials were created and modified by H. Fan, S. Suresh, A. E. Giannakopoulos, 

F. Q, Yang and C.Q. Chen.  

Nine years later, the problem of slipping and unclipping contact on 

piezoelectric materials was investigated by H. Fan el at. Relationships between 

materials constant and stress, electric field distribution were derived under elastic 

deformation. Here the problem of indentation on piezoelectric materials was first 

solved by potential method [21]. 

In 1999 and 2000, a series of work about indentation of piezoelectric 

materials was accomplished by S. Suresh, A. E. Giannakopoulos and U. 

Ramamurty et al. They provided general solutions for elastic indentation of 

polarized transversely isotropic piezoelectric solids within elasticity were 

presented and optimized. Firstly, constitutive equations were deduced from 

conservation of linear momentum and Maxwell’s electrostatic equation in 

cylindrical coordinate. Considering the electric properties of indenters, new 
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electric boundary conditions were introduced. Hankel transform/integral was 

employed to derive the corresponding dual integral equations for piezoelectric 

indentation problems that have mixed boundary conditions. Then, with factors 

derived from materials constants and geometry of the indenter, macroresponses 

(load and electric charge) and microresponses (electric potential gradient and 

stress distribution) could be calculated [22-24]. Later, F. Q. Yang simplified 

expressions for the profile of deformed surface and the distribution of electrical 

potential. Also, effect of electric fields on the displacement of indenter was 

discussed and field singularity was found when piezoelectric materials contacted 

with conducting indenter under a certain electric potential. Orientation problems 

were also considered in recent research via M. Liu and F. Q. Yang [25-28]. Almost 

at the same time, C.Q. Chen et al expanded the analytical models from bulk 

piezoelectric materials to thin film structure. The semi-empirical formulae were 

deduced and this relation could provide good estimates of the indentation 

responses for the two limiting cases of in finitely thick and thin piezoelectric films, 

as well as those in between [29]. 

Meanwhile, similar analytical solution via potential theory, a method different 

from Hankel integral, was also proposed by M. Kachanov and A. Makagon et al to 

solve constitutive equations of frictionless contact as well as equations with 

surface friction. Initially Corresponding Principle was developed based on 

potential theory to solve the contact problem of electro–elastic fields. The 

governing equations were derived in 3-D coordinate system and potential theory 

was utilized to solve conducting indenter punching on poled transversely isotropic 

materials. The boundary conditions applied here were the same as boundary 

conditions given by S. Suresh et al. Four constants were deduced from elastic 

tensor, piezoelectric tensor and dielectric tensor. Also with the geometry shape 
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and the displacement of the indenter, indentation response could be captured. 

These relationships helped to analyze imaging mechanisms of scanning probe 

microscopy on ferroelectric and piezoelectric materials. Later, frictional sliding 

was considered in indentation problems and the relationship was further 

developed to show interpretation of various scanning probe microscopy 

techniques of ferroelectric surfaces [30-32].  

Though these two methods could deal with the piezoelectric indentation 

problem, a mainly difference between Hankel integral and potential theory was 

pointed out according to recent study: nonzero constant potential to the indenter 

would lead to a usual square root singularity in the induced stress field at the edge 

of contact [29].  

Besides analytical models, some numerical methods, such as finite element 

analysis were also used to help people understand the process of indentation on 

piezoelectric materials. 

A. E. Giannakopoulos has developed finite element models for indentation 

PZT-4, PZT-5A and BaTiO3 with spherical indenter under zero electric potential. 

Micro contours of indentation stress and electric potential were displayed. Also 

indentation stiffness was calculated from the finite element method and 

comparison between finite element results and theory results are shown. Besides 

that, in his research, spherical indenter was recommended for testing properties 

of small volumes piezoelectric materials like thin films, layered plates, or 

composites for protecting piezoelectric surfaces [22]. Later, U. Ramamurty et al 

also developed finite element models for spherical indentation on transversely 

isotropic piezoelectric materials. From the simulation, the contours for maximum 

principal tensile stress and electric potentials were exhibited to show the 

difference between poled/unpoled piezoelectric materials and 
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insulating/conducting indenters [33].  

Recently, E.N. Pan et al developed a new analytical model to calculate the 

solutions to indentation problems of multi-ferroelectric materials with axisymmetric 

magneto-electro-elastic property. Via half-space Green’s functions, indentation 

responses of piezomagnetic materials could be predicted [34]. 

Also, several experiments were designed to seek the various characters of 

bulk piezoelectric materials during indenting experiments. 

S. Suresh, A. E. Giannakopoulos and U. Ramamurty et al collected 

loading/unloading-depth curves from lead zirconate titanate (PZT-4) and barium 

titanate (BaTiO3) under spherical indenters and compared them with analytical 

results. Also they investigated the difference between poled/unpoled materials as 

well as conducting/insulating indenters experimental and gave related 

conclusions. Later they began to focus on electric response under spherical and 

conical indenters and collected time-electric current curves. In these experiments, 

if the load exceeded a certain values, inelastic deformation would happen and 

analytical model was no longer available to describe the results [23, 35, 36].  

A.Rar and V. Kalinin et al prepared nanoindentation experiments to address 

electromechanical coupling and pressure-induced dynamic phenomena in 

ferroelectric/piezoelectric materials. The harmonic movement was tested by 

nanoindentation when there was an electric potential on the indenter tips and 

back side of piezoelectric materials. A load dependence of the piezoresponse was 

presented in single crystal PZT-4 and polycrystal BaTiO3 [37].  

M.F. Wong and K. Zeng investigated nanoindentation on single crystal 

Pb(Zn1/3Nb2/3)O3-6%PbTiO3 (PZN-6%PT) in both unpoled and poled states. They 

observed pile–up and local damage around the indenter at ultra-low loads. Also, 

force-depth curves (P-h curves) and harmonic contact stiffness were collected 
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and analyzed for different crystal orientations [38].  

Later, U. Ramamurty et al designed spherical indentation experiments and 

found the indentation strength of poled PZT was higher than unpoled PZT. Also 

the fracture imitation was switched from Hertzian cracking to subsurface damage 

initiation after the polarization of materials [33]. 

Indentation problems on piezoelectric composites, thin films, nanowire, and 

nanoislands also attracted great interesting regarding their potential application in 

materials testing/characterization and energy harvesting. 

In 1999, D.F. Bahr et al prepared 600 nm PZT thin films via solution deposited 

method on metallized Si wafers and testing the mechanical properties, including 

the hardness, modulus, and fracture behavior, of this PZT thin film system. In their 

research, the thin film was slightly soft than bulk PZT materials and the fine grain 

size, which was about 100nm, could bring in plastic deformation. Also, significant 

cracks generated when load of indenter was 20 mN and cracks went 

perpendicular to the normal to plane of the film [39].  

Later, V. Koval et al also prepared similar PZT thin films system but focused 

on the ferroelectric behaviors of PZT thin film during indentation. Quasi-static 

current/charge-force hysteresis loops for thin film were presented and according 

to the research, the PZT thin film could fully recover with weak hysteresis. 

However, strong in-plane clamping stresses could cause incomplete recovery. 

Also, high residual stress would lead to polarization switching and domain-wall 

could improve the effective piezoelectric coefficient by 35% [40]. 

Then M.J. Reece et al gave a comprehensive research on the indentation 

problems of piezoelectric thin films and focused more on the mechanical 

responses. In the experiments, three kinds of spherical indenters (5 μm, 10 μm, 

and 20 μm) and six PZT multilayers films with different thickness (100 nm, 140 nm, 
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400 nm, 700 nm, 1500 nm, and 2000 nm), system were studied. Finite element 

models and analytical solutions were developed. Relationship between 

indentation modulus (EIS) versus contact radius/film thickness (a/t)，EIS versus 

depth of penetration, and EIS versus unloading were studied. Results from finite 

element models, analytical models and experiments showed good agreement 

between each other [41].  

Also, mechanical response was studied via T.H. Fang et al and they switched 

to focus on the characterization of ZnO thin films via nanoindentation. Besides 

research results on the thin films properties and different sputtering powers in 

preparation process, the relationship between mechanical responses and loading 

time were studied. The Young’s modulus and the hardness were slightly reduced 

with increased loading time and creeping time [42].  

In 2008, C.Q. Chen et al had also worked on the analytical model of 

indentation on piezoelectric thin films. Hankel transformation was used to solve 

two limiting cases: infinitely thick (piezoelectric half-space) and infinitely thin 

piezoelectric films. Closed form solutions were given [29].  

To make this method more practical, X.J. Zheng et al had built forward and 

inverse process to detect the properties of transverse isotropic piezoelectric thin 

films in film/substrate system. Both experiments and finite element method were 

applied to derive the dimensionless equations for forward analysis. With this 

method, the engineering constants of PZT thin films could be calculated from 

maximum indentation load, loading curve exponent and the maximum indentation 

depth. Then piezoelectric coefficient of the thin film could be derived [43].  

Recently, W. Q. Chen et al considered the interface boundary conditions and 

substrate in piezoelectric multilayers structures. The substrate would influence the 

indentation response when indentation depth was large than 10% of first layers 
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thickness and the impact interface could soften the mechanical response of 

multilayers structures [44].  

1.4 Objectives of the thesis 

In spite of all research work listed above, there are still some problems 

restricting its further application in measurement of piezoelectric materials: 

1. Most of these contact and indentation problems are created under the 

assumption that the indentation direction is same as polarized direction [20, 21, 

24, 30, 34, 38, 43-45]. That means ongoing and past research was just focused 

on longitudinal indentation problems. If the polarization direction is vertical to 

indentation direction, the problem turns to a transversely indentation. This 

problem is still uncovered until now. 

2. Most models were built in 2-D axisymmetric coordinate. So the 

piezoelectric materials, such as PZT-4 (lead zirconate titanate) and barium 

titanate, investigated in previous analytical models and finite element models 

were transversely isotropic materials or 6mm from crystal structure [24, 26, 29, 31, 

45]. Other piezoelectric with more complex structure were undiscovered. 

3. Different indentation results were reported in experiments for the same 

type of piezoelectric materials [33, 36, 38]. Also, some analytical models [29, 30] 

did not agree with previous finite element analysis [22] and certain experiments 

results [36]. These need further discussion. 

4. There were flaws in both analytical model [29] and finite element model 

[41] for indentation on film piezoelectric materials referred above. Improper 

assumption and negligence of essential properties lead to large deviation 

between predicted results and real results.  
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So in this dissertation, in Chapter 2, the problems listed above are explained 

via finite element method. Then, in Chapter 3, as people have done before on 

dimensionless analysis of indentation on elastoplastic materials, the dominant 

factors of indentation responses are concluded from large number of simulations 

among relaxor ferroelectric materials. Besides indentation on bulk piezoelectric 

materials, simulation results for nanoindentation of piezoelectric thin films and 

nanoislands are shown and verified by experiment data in Chapter 4. Considering 

recent research on energy harvesting on piezoelectric nanowire, the contact 

responses between nanostructures (including nanoislands, nanowires and thin 

films) and spherical indenter are studied. The influences from geometry and size 

scales were illustrated. Meanwhile, the substrate effects on thin films and 

nanoislands are discussed in Chapter 4 and Chapter 5. In Chapter 6, the research 

will go further to illustrate the influence of electric field and the method to 

determine the polarization direction of piezoelectric materials. Finally, all 

conclusions are listed in Chapter 7 and suggestions for future research are 

proposed in Chapter 8. 
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Chapter 2 Nanoindentation of piezoelectric materials: 

Part I — Development of a three-dimensional finite 

element model 

2.1 Introduction 

As mentioned before, analytical modeling [21, 24, 26, 30, 34, 46], numerical 

modeling [22, 33, 41, 43] and experimental approaches [23, 32, 36, 37, 41, 43, 

47-50] have been invoked to characterize the electromechanical indentation 

response of select classes of piezoelectric materials such as those that exhibit 

transverse isotropy. Nevertheless, the indentation response of other classes of 

piezoelectric materials such as those that exhibit a lower degree of crystal 

symmetry has not yet been fully understood. Hence, the objectives of the present 

work are: (i)to verify analytical models with two-dimensional and 

three-dimensional finite element models (ii) to obtain a comprehensive 

understanding of the indentation response of several classes of anisotropic 

piezoelectric materials; (iii) to elucidate the role of the indenter geometry and the 

indenter conductivity on the effective indentation response of anisotropic 

piezoelectric materials; and (iv) to differentiate between materials that are 

piezoelectrically active or passive, i.e., poled and unpoled, and those that are 

piezoelectrically strong and weak; and (v) to identify the principal poling directions 

in active materials.  
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Figure 3 Schematic illustrating the indentation of anisotropic materials with conical, spherical and flat 
indenter using conducting or insulating indenters along the longitudinal or transverse directions. 

 

The instrumented indentation method involves indenting a substrate material 

with a conical, spherical or flat indenter and measuring the complete force-depth 

relationship during the loading and the unloading cycle [15] (Figure 1). Within the 

context of piezoelectric materials, depending on the electrical boundary conditions 

introduced into the indentation set-up, the electric fields/voltage generated (open 

loop) or electric charge/current generated (closed loop) in the indentation process 

can be determined as well. The analytical models that have been developed for 

the indentation of transversely isotropic piezoelectric materials with conical, 



 

16 
 

spherical and flat conducting indenter, predict the force (P) - depth (h) and charge 

(Q) – depth (h) relationships as given in Table 2. 

 

Table 2 The parameters of piezoelectric materials used in this paper (PZT is short for Lead Zirconate 
Titanate. BNN is short for barium sodium niobate. LN is short for lithium niobate. RL is short for relaxor 
ferroelectric used here) 

Elastic(Gpa) Piezoelectric(C/m
2
) 

 PZT BNN LN RL  PZT BNN LN RL 

C11 121 238.9 202.9 115 e15 12.3 2.763 3.424 10.1 

C12 75.9 104.2 52.92 103 e24 12.3 3.377 3.423 10.1 

C13 75.4 50.06 74.91 102 e31 -5.4 -0.445 0.194 -3.9 

C22 121 247.4 202.9 115 e32 -5.4 -0.285 0.194 -3.9 

C23 75.4 52.14 74.91 102 e33 15.8 4.335 1.309 20.3 

C33 111 135.1 243.1 103 e16 0 0 -2.534 0 

C44 21.1 64.94 55.9 69 e21 0 0 -2.538 0 

C55 21.1 65.79 55.9 69 e22 0 0 2.538 0 

C66 22.6 75.76 74.88 66 Dielectric(10
-10

C/Vm) 

C56 0 0 8.985 0  PZT BNN LN RL 

C14 0 0 8.999 0 ε11 81.1 20.81 7.44 127 

C24 0 0 -8.999 0 ε22 81.1 21.87 7.44 127 

     ε33 73.5 26.56 2.66 60.2 

 

In the present study, a three-dimensional finite element model is developed to 

simulate the indentation of anisotropic piezoelectric materials. A commercially 

available software package, ABAQUS, is used for developing the model. Two 

types of elements, C3D8E (8-node linear piezoelectric brick) type elements and 

C3D4E (4-node linear piezoelectric tetrahedron), are invoked. A typical model has 

about 208599 elements and 75113 nodes. The model is designed such that it is 

large enough (i.e., 20 times the contact area) to minimize end-effects and the 

mesh is fine enough in the indented regions for improved accuracy. Four model 

piezoelectric materials – Lead Zirconate Titanate (PZT-5A) [51], Relaxor 
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Ferroelectric (0.67 Pb(Mg1/3Nb2/3)O3 – 0.33PbTiO3) [52], Barium Sodium Niobate 

[53], and Lithium Niobate [54] that, respectively, exhibit 6mm, 4mm, mm2, and 3m 

crystal symmetry are used as substrate materials for the indentation study. 

Parameters of these four materials were presented in Table 3. The indenter is 

modeled as being elastically rigid, and electrically insulating or conducting. 

Simulations of longitudinal and transverse indentations, i.e., indentations along 

the poling direction and orthogonal to poling direction of the piezoelectric 

materials are also conducted to understand the corresponding indentation 

behavior.  

 

Table 3 Equations for indentation from analytical models [26,27]. θ = Half-apex angle of the conical 
indenter, R = Radius of the spherical indenter, and ao = width of the flat indenter. Constants C1 (C2 C3, 
C4) and C1* (C2*…. C6*) are complex functions of the elastic, dielectric and piezoelectric properties of 
the indented materials. 

analytical [30] 

Indenter types Load(conducting) Charge(conducting) Load(insulating) 

Conical 
2𝐶1ℎ2𝑡𝑎𝑛𝛼

𝜋2
 

2𝐶2ℎ2𝑡𝑎𝑛𝛼

𝜋2
 N/A 

Spherical 
4𝑅𝐶1ℎ

3𝜋
 

4𝑅𝐶2ℎ

3𝜋
 N/A 

Flat 
2𝑎𝐶1ℎ

𝜋
 

2𝑎𝐶2ℎ

𝜋
 N/A 

analytical [29] 

Indenter types Load(conducting) Charge(conducting) Load(insulating) 

Conical 
4𝐶4

∗𝑡𝑎𝑛𝜃

𝜋
ℎ2 

4𝐶5
∗𝑡𝑎𝑛𝜃

𝜋
ℎ2 

4𝐶1
∗ℎ2𝑡𝑎𝑛𝜃

𝜋
 

Spherical 
8

3
𝐶4

∗𝑅
1
2ℎ

3
2 

8

3
𝐶5

∗𝑅
1
2ℎ

3
2 

8

3
𝐶1

∗𝑅
1
2ℎ

3
2 

Flat 4𝐶4
∗𝑎0ℎ 4𝐶5

∗𝑎0ℎ 4𝐶1
∗𝑎0ℎ 
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2.2 Results and discussion 

From the indentation study of four types of piezoelectric materials, the 

following principal observations are made (Figures 2-6):  

 

1. Overall, there is good agreement between the force-depth and charge-depth 

relationships predicted by the analytical models [29, 30] and the finite element 

model developed in the present study for transversely isotropic piezoelectric 

materials (PZT-5A). (Figure 4) 

 

 

Figure 4 The force-depth indentation response obtained from the finite element analysis agrees well 
with the analytical model [26,27] predictions for the transversely isotropic Lead Zirconate Titanate 
system for spherical indentation using a conducting and insulating indenter. 

 

2. The force-depth relationships display a strong dependence on the geometry of 

the indenter with the stiffest indentation response observed for indentation with 
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a flat indenter while the most compliant response is observed for the conical 

indenter in current research. (Figure 5) 

3. The force-depth relationships display a weak dependence on the conductivity 

of the indenter (of a particular geometry) with the differences between 

indentations using a conducting or insulating indenter being generally small. 

The force-depth relationships are marginally stiffer for the indentations with an 

insulating indenter. (Figure 5) 

4. The charge-depth relationships obtained for indentation with a conducting 

indenter also display a strong dependence on the indenter geometry with the 

maximum charges generated (at a particular depth of indentation) being 

obtained for indentations with a flat indenter.  

5. The finite element model also captures the complete force-depth and 

charge-depth responses of piezoelectric materials that belong to several 

symmetry classes such as 4mm, mm2 and 3m for which analytical models are 

at present not available. It is demonstrated that the indentation response of all 

the materials are functionally similar in that the load-depth (i.e., P-h) and 

charge-depth (i.e., Q-h) relationships, respectively, follow h1, h1.5 and h2 

relationship for flat, spherical and conical indentations .(Table 4).  

6. The indentation of the relaxor ferroelectric (with high value of e33 and ε33) with a 

flat conducting indenter generates the maximum amount of charge and lithium 

niobate (with high value of C33) with a flat indenter generates the maximum 

value of load for a particular depth of indentation.  
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Figure 5 The force-depth and charge-depth indentation response of model piezoelectric materials – 
Lead Zirconate Titanate, Relaxor Ferroelectric, Barium Sodium Niobate, and Lithium Niobate, that, 
respectively, exhibit 6mm, 4mm, mm2, and 3m crystal symm symmetry. The charge-depth indentation 
response obtained from the finite element analysis agrees well with the analytical model predictions of 
spherical indentation [26,27] for the transversely isotropic Lead Zirconate Titanate system. (The finite 
element model results are presented for conical, spherical and flat indenters with θ=80

o
, R=15μm, and 

ao = 0.75µm for conducting and insulating indenters. The indentation response of the unpoled material 
is also presented as well.) 
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Table 4 Fitting data of force-depth and charge-depth curves from indentation responses of bariums 
sodium niobate (BNN), lithium niobate (LN) and Relaxor ferroelectric materials (RL) 

Force vs. Depth 

spherical indenter 

𝑃 = 𝐶𝑠ℎ1.5 

conical indenter 

𝑃 = 𝐶𝑐ℎ2 

flat indenter 

𝑃 = 𝐶𝑓ℎ1 

cond 

(N/m
1.5

) 

insl 

(N/m
1.5

) 
cond (N/m

2
) insl (N/m

2
) cond (N/m) insl (N/m) 

BNN 

C 7.59E+11 7.84E+11 5.33E+11 5.43E+11 2.29E+11 2.36E+11 

error 1.63E+08 1.66E+08 2.95E+08 2.65E+08 3.89E+07 4.15E+07 

error/C 2.15E-04 2.12E-04 5.54E-04 4.88E-04 1.70E-04 1.75E-04 

LN 

C 1.05E+12 1.07E+12 7.43E+11 7.75E+11 3.15E+11 3.23E+11 

error 3.72E+08 3.30E+08 3.65E+06 3.68E+08 3.33E+07 4.37E+07 

error/C 3.56E-04 3.08E-04 4.91E-06 4.76E-04 1.06E-04 1.35E-04 

RL 

C 3.83E+11 5.20E+11 2.65E+11 3.58E+11 1.12E+11 1.57E+11 

error 1.02E+08 1.94E+08 3.79E+08 3.69E+08 1.47E+07 2.87E+07 

error/C 2.67E-04 3.74E-04 1.43E-03 1.03E-03 1.30E-04 1.83E-04 

Charge vs. Depth 

spherical indenter 

𝑄 = 𝐶𝑠𝑞ℎ1.5 

conical indenter 

𝑄 = 𝐶𝑐𝑞ℎ2 

flat indenter 

𝑄 = 𝐶𝑓𝑞ℎ1 

charge 

(C/m
1.5

) 

charge 

(C/m
2
) 

charge 

(C/m) 

BNN 

C 30.1131 1.83E+01 8.99E+00 

error 2.01E-02 1.16E-01 4.16E-03 

error/C 6.66E-04 6.32E-03 4.63E-04 

LN 

C 1.32E+01 1.46E+01 4.30E+00 

error 4.82E-02 7.10E-02 1.36E-03 

error/C 3.65E-03 4.86E-03 3.17E-04 

RL 

C 1.56E+02 1.18E+02 4.32E+01 

error 7.97E-04 8.67E-01 7.08E-03 

error/C 5.12E-06 7.36E-03 1.64E-04 
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7. By recognizing that there are significant differences in the force-depth and 

charge-depth responses of a piezoelectric material in the longitudinal and 

transverse indentations, the poling direction of the piezoelectric material can be 

identified as well. Generally, much less charge could be detected for transverse 

indentation than longitudinal indentation (Figure 6). Considering the 

transformation of properties tensor in transverse indentation, the surface 

charge was generated by shear stress S12 instead of normal stress S33. So 

even if there was charge generated in contact region, symmetric of shear 

stress brought same amount of positive charges and negative charges. And 

these two parts cancelled each other and there would be no charge shown 

from macroresponses. Certain charge (1/3 of longitudinal indentation) could be 

observed in transverse indentation of lithium niobate. This part of charge came 

from transverse piezoelectric component e22 who become normal piezoelectric 

component in transverse cases. 

8. Using the finite element model of indentation, the internal stress and electric 

field distributions can be mapped out and regions of mechanical stress and 

electrical field concentrations can be identified and utilized for understanding 

indentation-induced mechanical failures such as cracking in piezoelectric 

materials (Figure 7).  

2.3 Conclusions  

Overall, in the present study, a three-dimensional finite element model has 

been developed to accurately capture the indentation response of piezoelectric 

materials. Upon demonstrating that the finite element model predictions agree 

well with analytical model results for transversely isotropic piezoelectric materials, 
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the finite element model is extended to characterize the complete force–depth 

and charge–depth relationships in several anisotropic piezoelectric materials for 

which analytical models are at present unavailable. It is demonstrated that the 

nanoindentation response of anisotropic piezoelectric materials is qualitatively 

similar to the responses observed in transversely isotropic piezoelectric materials 

and displays a strong dependence on the nature of the indenter geometry and 

relatively weak dependence on the indenter conductivity. Furthermore, the 

nanoindentation method can also be used to identify the poling directions in 

piezoelectric materials as well. 

 

 

Figure 6 The force-depth and charge-depth indentation responses of four piezoelectric materials – 
Lead Zirconate Titanate (PZT-5A), Relaxor Ferroelectric, Barium Sodium Niobate (BNN), and Lithium 
Niobate obtained from ‘longitudinal’ and ‘transverse’ indentation with a conical indenter, where the 
indentation direction is, respectively, parallel to and orthogonal to the poling direction. (Key: Material 
Z indicates that the poling is along the Z direction). 
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Figure 7 The maximum values of mechanical stresses (pa) and electric fields (V/m) and their spatial 
distributions that are obtained from the spherical indentation (with an insulating indenter) are 
observed to be quite different for Lead Zirconate Titanate and Relaxor Ferroelectric 
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Chapter 3 Nanoindentation of piezoelectric materials: 

Part II — Understanding the dominant factors influencing 

the nanoindentation response of piezoelectric materials 

3.1 Introduction 

The material property-indentation response relationships of piezoelectric 

materials as predicted by: (a) the analytical models for simple piezoelectric 

materials; and (b) the finite element models for more complex piezoelectric 

materials, it is not readily apparent as to which of the material properties have a 

dominant role in influencing the indentation response characteristics of simple 

piezoelectric materials. Hence, the objectives of the present study are: 

1. to invoke existing analytical models and develop three-dimensional finite 

element models to obtain a comprehensive understanding of the relative 

importance of all the material properties in influencing the indentation 

response of both simple and complex piezoelectric materials; 

2. to assess the relative importance of the nature of the indenter (i.e., conducting 

or insulating) and the indentation direction (i.e., longitudinal or transverse with 

respect to the poling direction of the piezoelectric material) in influencing the 

indentation-responses of a wide range of piezoelectric materials.   

In this part, the same three-dimensional finite element model with spherical 

indenter was used as simulation model in chapter 3. Depending on the relative 

orientation of the direction of the indentation with respect to the poling direction, 

longitudinal and transverse indentation can be identified.  

For simple piezoelectric materials in this part, PZT-5A and BaTiO3 are first 
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chosen as model materials for a systematic investigation of the role of the 

individual material properties in influencing the piezoelectric response. Each of 

the elastic, dielectric and piezoelectric constants of PZT-5A is varied by ±10% and 

±20% about its true value and the corresponding variations in the longitudinal 

indentation responses as predicted by the analytical model and finite element 

model are quantified. Furthermore, the corresponding variations in the transverse 

indentation responses as predicted by the finite element model are quantified as 

well. Following the analytical models in previous research, elastic stiffness (Cijkl) 

instead of elastic compliance (Sijkl) are used in current research to predict the 

variation. 

Amongst the group of complex piezoelectric materials in current research, 

single crystal relaxor ferroelectric materials, in particular, have been recognized 

as promising candidates for MEMS and as actuators and transducers, owing to 

their strong piezoelectric properties. Consequently, many relaxor ferroelectric 

materials such as Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN-PT), Pb(Mg1/3Nb2/3)O3-PbTiO3 

(PMN-PT) and Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) single 

crystals which exhibit a range of chemical compositions and electromechanical 

properties have been synthesized [52, 55-74]. Subsequently, the indentation 

responses of a series of relaxor ferroelectrics are also captured using finite 

element simulations and the relationships between their material properties and 

their indentation responses are analyzed. (Table 5) 

From previous research [75], depolarization effect of ferroelectric materials 

was mainly determined by shear stress. However, in the present study of 

spherical indentation of piezoelectric materials, the maximum shear stresses are 

typically lower than those needed for depolarization and are also confined to small  
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Table 5 The electromechanical properties of the piezoelectric materials that include PZT-5A, BaTiO3 and several relaxor ferroelectric materials considered 

 

Composition 
Elastic  

(10
10

 Pa) 

Piezoelectric 

(C/m
2
) 

Dielectric 

(10
-9

C/Vm ) 

 C11
𝐸  C12

𝐸  C13
𝐸  C33

𝐸  C44
𝐸  C66

𝐸  e31 e33 e15 휀11 휀33 

PZT-5A[51] 12.1 7.59 7.54 11.1 2.11 2.26 -5.4 15.8 12.3 8.11 7.35 

BaTiO3[27] 15.0 6.53 6.62 14.6 4.39 4.24 -4.32 17.5 11.4 9.87 11.2 

PMN-33%PT[52] 11.5 10.3 10.2 10.3 6.9 6.6 -3.9 20.3 10.1 12.7 6.02 

PMN-38%PT[72] 21.3 14.3 13.5 9.92 5.56 6.95 -3.26 11.5 21.1 19.2 2.26 

PMN-28%PT[58] 15.7 14.2 11.7 10.3 7.04 1.86 -3.02 24.9 9.31 14.2 9.13 

PMN-42%PT[67] 17.5 8.51 8.3 10.5 2.85 8.0 -2.1 12.2 37.5 27 2.56 

PMN-0.3PTa[70] 11.7 10.3 10.1 10.8 7.1 6.6 -2.4 27.1 13.6 29.3 11 

PMN-0.3PTb[62] 16.0 14.9 7.51 12.0 5.38 2.87 -5.22 31.8 30.4 43.9 12.3 

PMN-35%PT[61] 14.5 15.1 7.5 11.2 3.6 3.6 -3.8 17.6 25.3 22 4.66 

PZN-4.5%PT[73] 11.1 10.2 10.1 10.5 6.4 6.3 -3.7 15 8.9 26.5 8.85 

PZN–7%PT[76] 11.3 10.3 10.5 10.9 6.3 7.1 -2.3 15.1 11.1 24.6 7.29 

PZN–8%PT[68] 11.5 10.5 10.9 11.5 6.3 6.5 -5.1 15.4 10.1 24.1 8.71 

PZN–12%PT[65] 15.2 11.4 9.7 8.72 1.9 3.6 -2.2 8.5 41.3 45.2 1.86 
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areas close to the region of the contact. Hence, indentation induced 

depolarization is not modeled in the present study. Furthermore, mechanically 

induced domain motions are not also considered in the present study. 

3.2 Results and discussion 

From the study of the nanoindentation responses of both simple and 

relatively more complex piezoelectric materials such as PZT-5A and relaxor 

ferroelectrics, the following principal observations are made:  

1. There is good agreement between the predictions of the analytical model and 

the finite element model for the longitudinal indentation responses of simple 

piezoelectric materials thus validating the finite element models.(Figure 8) 

2. For indentations with both conducting and insulating indenters, the mechanical 

indentation stiffness is influenced more by the elastic constants (such as C33 

and C13) while the electrical indentation stiffness is influenced largely by the 

piezoelectric constants (such as e33 and e15) of the indented materials. The 

dielectric properties do not influence the mechanical indentation stiffness or the 

electrical indentation stiffness in a significant manner.  

3. For longitudinal indentations using a conducting indenter, amongst all the 

elastic properties, C33 and C13, are, respectively, the first and second most 

dominant material constants that influence the mechanical indentation stiffness. 

Similarly, amongst all the piezoelectric properties, e33 and e15 are, respectively, 

the first and second most dominant material constants that influence the 

electrical indentation stiffness. The influence of C33 and e33, respectively, on the 

mechanical and electrical indentation stiffness is direct and linear. For example, 

a 10% or 20% increase in C33 results in approximately 10% or 20% increase in 
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the mechanical indentation stiffness. (Figure 9)  

 

Figure 8 Schematic illustrating the indentation of piezoelectric materials with a conducting indenter (a) 
and insulating indenter (b) in the longitudinal direction (i) and transverse direction (ii). (c) The 
three-dimensional finite element model was invoked for characterizing the indentation response of 
piezoelectric materials. 
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Figure 9  Normalized variations in the mechanical indentation stiffness (SM) and the electrical 
indentation stiffness (SE) for longitudinal indentations with conducting (a, b, d, e) and insulating (c) 
indenters observed in the analytical model [27] and finite element simulations due to variations in the 
individual elastic, dielectric and piezoelectric constants by ± 25% about their true values in model 
PZT-5A (a, b, c) and BaTiO3 (d, e) piezoelectric systems. (X=material constant such as C33, C13, etc. A= 
Analytical model, F = Finite element model. For example, a + 20% change in C33 about its true value 
(i.e., C33/Co33 = 1.2) while all other material properties are unchanged results in a 19.4% change in SM 
(i.e., SM/SoM= 1.194) for indentations with a conducting indenter). (f) The experimentally observed 
variations of the mechanical indentation stiffness (normalized by the radius of the spherical indenter R) 
with the material elastic constant–C33, in two materials –PZT-4 and BaTiO3, for indentations with 
conducting and insulating indenters. 
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4. The experimental results on the spherical indentation of PZT-4 and BaTiO3 are 

also observed to follow the general trend that the mechanical indentation 

stiffness is strongly influenced by the elasticity constant C33 (Figure 9 (f)). (The 

indentation stiffness reported by U.Ramamurty et al. [33] is lower than that 

reported by Ramamurty et al. [36] for PZT-4 and has been attributed to higher 

compliance in the experimental set-up reported in [33].) 

Table 6 The variations in the effective mechanical indentation stiffness for transverse indentations with 
conducting (i.e., SmC) and insulating (SMI) indenters observed in the finite element simulations due to 
variations in the individual elastic, piezoelectric constants by ±10 or ±20% about their true values in a 
model PZT-5A piezoelectric system. (e.g., a + 20% change in C11 about its true value, while all other 
material properties are unchanged results in a 28.1% change in SMC) 

 

5. For transverse indentations using a conducting indenter, C11 and C12 are, 

respectively, the first and second most dominant material constants that 

influence the mechanical indentation stiffness. However, the influence of C11 

and C12 on the mechanical stiffness is about 50% greater than that observed in 

the case of longitudinal indentations. (Table 6) 

 

  

  

Elastic Piezoelectric Dielectric 

C11 C12 C13 C33 C44 e15 e31 e33 ε11 ε33 

SMC 

+20% 28.1 -19.7 0.76 1.35 5.22 1.17 1.61 0.55 0.83 0.89 

+10% 14.6 -8.64 0.41 0.73 3.21 1.11 1.37 0.28 0.98 1.01 

- 10% -16.1 9.40 -0.33 -0.89 -1.32 0.97 0.91 -0.27 1.32 1.28 

- 20% -34.8 16.7 -0.97 -2.02 -3.92 0.90 0.69 -0.55 1.51 1.43 

SMI 

+20% 27.4 -18.6 0.41 1.21 3.74 2.59 0.82 0.24 -0.44 -0.77 

+10% 14.3 -8.26 0.24 0.65 2.29 1.66 0.43 0.13 -0.21 -0.39 

- 10% -15.9 8.38 -0.22 -0.76 -0.93 -0.17 -0.36 -0.16 0.29 0.50 

- 20% -34.7 14.9 -0.66 -1.66 -2.73 -1.05 -0.74 -0.35 0.57 1.45 
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Figure 10 Force-depth (P-H) and charge–depth (Q-H) nanoindentation responses obtained from the indentation of relaxor ferroelectrics PMN-xPT and 
PZN-xPT using conducting and insulating spherical indenters. 
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6. For longitudinal indentations using an insulating indenter, the influence of the 

mechanical constant C33 on the mechanical indentation stiffness is lower than 

that observed in the case of indentations with a conducting indenter.  

 

 

Figure 11 Variations in the mechanical indentation stiffness (SM) (for indentations with conducting and 
insulating indenters) and the electric indentation stiffness (SE) (for indentations with a conducting 
indenter) with, respectively, the elastic constant (C33) and the piezoelectric component (e33) in a series 
of relaxor ferroelectrics – PMN-xPT (a and b) and PZN-xPT (c and d). 

7. In analyzing the indentation responses of relaxor ferroelectrics based on 

PMN-xPT and PZN-xPT which exhibit a range of elastic, dielectric and 

piezoelectric properties, it is generally observed that materials with higher 

normal elastic and piezoelectric properties, i.e., C33 and e33, (Figure 10 and 

Figure 11). Similarly, the relationship between the inverse of the compliance 

constant S33 (i.e., 1/S33) and the mechanical indentation stiffness was also 

found to be direct and linear as well. Furthermore, for those materials that 

exhibited similar e33 properties, their electrical indentation stiffness is 
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influenced by e15 as well (Figure 11). 

8. In the indentation of relaxor ferroelectrics, it is observed that the (mechanical or 

electrical) indentation stiffness does not increase monotonically with an 

increase in the material constant, C33 or e33 (e.g., Figure 11a). This observation 

can be explained as follows. Figure 11a captures the variation of the 

indentation stiffness as a function of only one mechanical constant (e.g., C33) in 

a series of relaxor ferroelectrics (where each material has a unique 

combination of 11 material constants). The influence of other material 

constants such as C13, C44 or e15 which also influence the indentation stiffness 

is not captured explicitly in Figure 11a. For example, two relaxor ferroelectrics 

have two combinations of the material constants C33 and C13 PMN-42%PT (C33 

= 105 Gpa and C13 = 83 Gpa) and PMN-0.3PT (C33 = 108 Gpa and C13 = 101 

Gpa). As presented in Figure 9, an increase in the C33 constant increases the 

indentation stiffness while an increase in the C13 constant decreases the 

indentation stiffness. Thus, PMN-0.3PT, which has a marginally higher C33 (as 

compared to that of PMN-42%PT), exhibits lower indentation stiffness when 

compared to that of PMN-42%PT because the C13 constant of PMN-0.3PT is 

much higher than that of PMN-42%PT. 

9. In the indentations of relaxor ferroelectrics, for those materials that exhibit 

higher piezoelectric constants (i.e., e33), there is a greater difference in the 

mechanical indentation stiffness observed for indentations with conducting and 

insulating indenters.  

3.3 Conclusions   

Nanoindentation-based techniques, owing to their ease of experimentation 
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and versatility in probing the properties of materials over small-volumes, have 

been increasing invoked for characterizing the electromechanical properties of 

piezoelectric materials. However, the relationships between the elastic, dielectric 

and piezoelectric properties of the piezoelectric materials and their indentation 

responses tend to be quite complex. Hence, the present study was focused on 

obtaining a comprehensive understanding of the dominant factors influencing the 

force-depth mechanical indentation response and the charge-depth electrical 

indentation response of the piezoelectric materials. By invoking an analytical 

model developed earlier for predicting the indentation response of relatively 

simple piezoelectric materials (such as PZT-5A) and a large number of 

three-dimensional finite element simulations for characterizing the indentation 

response of simple and complex piezoelectric materials (such as relaxor 

ferroelectrics), the following principal conclusions were obtained: 

1. For indentations with both conducting and insulating indenters, the 

mechanical indentation stiffness is influenced more by the elastic properties, 

while the electrical indentation stiffness is influenced largely by the 

piezoelectric properties of the indented materials. The dielectric properties do 

not influence the mechanical indentation stiffness or the electrical indentation 

stiffness in a significant manner.  

2. For longitudinal indentations using a conducting indenter, amongst all the 

elastic properties, C33 and C13, are, respectively, the first and second most 

dominant material constants that influence the mechanical indentation 

stiffness. Similarly, amongst all the piezoelectric properties, e33 and e15 are, 

respectively, the first and second most dominant material constants that 

influence the electrical indentation stiffness. The influence of C33 and e33, 

respectively, on the mechanical and electrical indentation stiffness is direct 
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and linear. For example, a 10% or 20% increase in C33 results in 

approximately 10% or 20% increase in the mechanical indentation stiffness.  

3. For transverse indentations using a conducting indenter, C11 and C12 are, 

respectively, the first and second most dominant material constants that 

influence the mechanical indentation stiffness. However, the influence of C11 

and C12 on the mechanical stiffness is about 50% greater than that observed 

in the case of longitudinal indentations.  

4. For longitudinal indentations using an insulating indenter, the influence of the 

mechanical constant C33 on the mechanical indentation stiffness is lower than 

that observed in the case of indentations with a conducting indenter.  

5. In the indentation of relaxor ferroelectrics based on PMN-xPT and PZN-xPT 

which exhibit a range of elastic, dielectric and piezoelectric properties, it is 

generally observed that materials with higher normal elastic and piezoelectric 

properties, i.e., C33 and e33, respectively, exhibited higher mechanical and 

electrical indentation stiffnesses.  

6. In the indentations of relaxor ferroelectrics, for those materials that exhibit 

higher piezoelectric constants (i.e., e33), there is a greater difference in the 

mechanical indentation stiffness observed for indentations with conducting 

and insulating indenters.    
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Chapter 4 Nanoindentation of piezoelectric materials: 

Part III — Verification of finite element model with 

experiments  

4.1 Introduction 

Attributed to nanomechanical and electromechanical properties of 

piezoelectric materials in bulk, thin film and nanowire form, they are increasingly 

studied in energy harvesting applications to collect energy in the form of pressure 

transitions and vibrations. High efficient piezoelectric thin films, which could 

convert small mechanical vibration to voltage on the scale of silicon transistor 

logic, greatly help energy harvesting in microelectromechanical systems. 

Nanowire made from ZnO and BaTiO3 have exhibited a significant advance in 

microscale piezoelectric energy scavenging, based on a combination of 

semiconductor and piezoelectric properties [77-88].  

Research has been done on the adoption of thin film technology for lead 

zirconate titanate compounds with strontium (Sr). The addition of Sr to PZT 

compounds to realize strontium-doped PZT (PSZT) enhances piezoelectric and 

ferroelectric properties of the compound in both bulk and thin film structures. 

According to related research results, the normal (longitudinal) piezoelectric 

component d33 as high of 892 pm/V on gold-coated silicon and 1450 pm/V on 

platinum-coated silicon are reported for the piezoelectric response of 

(Pb0.92Sr0.08)(Zr0.65Ti0.35)O3 compounds under the converse piezoelectric effect 

[89-93]. 
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In this part, experimental data for indentation on PSZT thin film (700nm and 

1400nm) and PSZT nanoislands were collected from our cooperators. 

Two-dimensional axisymmetric models and three-dimensional models were 

developed to characterize the influence of the electromechanical properties on 

the effective nanoindentation response of PSZT thin films and nanoislands. 

4.2 Experimental procedure & FE simulation 

The PSZT thin films are deposited by Radio Frequency (RF) Magnetron 

Sputtering, on to pre-cleaned platinum-coated silicon substrates. A 200 nm 

platinum coating with a 20 nm titanium dioxide (TiO2) adhesion layer is used to 

form the conductive bottom electrode metallization of the silicon substrates. The 

PSZT thin films are deposited at a speed of 350 nm/hour to attain thicknesses of 

700 nm and 1400 nm. Piezoelectric nanoislands are prepared from deposited 

PSZT film, of which thickness is larger than 200 nm thick and followed by lift-off 

with chlorobenzene. The geometry of island would be hemispherical or cylindrical, 

depending on the aspect ratio of the island. In the indentation test, islands with 

diameter of 200 and 400 nm were chosen. In the experimental test, Hysitron 

triboindenter is used and the corresponding force-depth curves are recorded for a 

range of forces from 0.1 to 10.0 mN [89-93].  

For the simulation of thin films, modified two-dimensional axisymmetric 

models are developed to simulate the indentation response of PSZT thin films 

with thicknesses of 700 nm and 1400nm. The bottom side of the sample is 

constrained from any vertical displacement and the left side (which is actually the 

center of the specimen) from any horizontal displacement. The top side and the 

right side are not constrained mechanically. No electric boundary conditions are 
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applied so the indenter is in an open-circuit. Substrate dimensions are chosen to 

match with experimental specimens.  

 

Table 7 Properties of doped PZT-5A to characterize their indentation response 

 

 

 

Figure 12  Schematic illustrating the indentation of piezoelectric materials with Hysitron triboindenter: 
(a) nanoislands (cylinder), (b) nanoislands (hemispherical) and (c) thin film 

A commercially available software package, ABAQUS, is used for developing 

the model. For the 700 nm film, the finite element model has about 23,464 nodes 

comprising of 23,315 elements, which includes 6337 four-node axisymmetric 

(CAX4E) elements and 16,978 four-node bilinear, reduced integration 

axisymmetric (CAX4R) elements. For the 1400 nm film, the model has about 

21,978 nodes with 21,810 elements, which includes 11,972 CAX4E and 9838 

materials 
Elastic  

(10
10

 Pa) 

Piezoelectric 

(pm/V) 

Dielectric 

(10
-9

C/Vm ) 

 C11
𝐸  C12

𝐸  C13
𝐸  C33

𝐸  C44
𝐸  C66

𝐸  d31 d33 d15 휀11 휀33 

PZT-5A(d33=374 

pV/m) 
12.1 7.59 7.54 11.1 2.11 2.26 -171 374 583 8.11 7.35 

PZT-5A(d33=1000 

pV/m) 
15.0 6.53 6.62 14.6 4.39 4.24 -300 1000 583 9.87 11.2 
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CAX4R elements. The model is designed such that it is large enough to minimize 

end-effects and the mesh is fine enough in the indented regions for improved 

accuracy. For the simulation of nanoislands, considering possible geometry of 

hemispherical or cylindrical, two kinds of three-dimensional FE models were 

designed and meshed. With the same mechanical and electrical boundary 

conditions for thin films indentation, the models have around 20,000 8-node linear 

piezoelectric brick (C3D8E) elements and 200,000 8-node linear brick, reduced 

integration (C3D8R) elements. Here, the Hysitron Triboindenter is simulated as 

equivalent Berkovich indenter with a spherical tip (R=150 nm). The materials 

properties are exhibited in Table 7 and the sketch of the indentation experiments 

is presented in Figure 12. 

4.3 Results and discussion 

 

1. There is good agreement between the results of the finite element model and 

the experimental results for PSZT thin film, both 700nm and 1400nm, with 

indentation depth no more than 7% of film thickness. From simulations, the 

mechanical indentation stiffness could significantly increase with high d33 

values and it demonstrated that the doping could help PSZT thin become stiffer. 

Considering that the elastic modulus of Si (185 Gpa) substrate is much higher 

than the normal elastic component of PSZT (C33=111 Gpa), the PSZT thin film 

structure is stiffer than bulk PSZT materials. For indentation of 700nm PSZT 

film, the experimental results display higher stiffness than simulation results. 

This would attribute to loading velocity: current simulation provides general 

static solutions so the influence of loading velocity is ignored. Also for the 
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700nm PSZT thin film, there is a significant inflection point appeared in the 

force-depth curves and this attributed to substrate effects. However, there is 

not such inflection in the force-depth curves of 1400nm PSZT thin film and the 

simulation results show good agreement with experimental results. (Figure 13) 

 

 

Figure 13 Force-depth response obtained from the nanoindentation of doped PZT-5A films and finite 
element simulations of a standard PZT-5A thin film, FEM(374), and PZT-5A thin films with enhanced d33 
properties (d33=1000 pV/m in FEM(1000) and d33=600 pV/m in FEM(600), here d31 was assumed as 0.3 
d33). Results are shown for film thickness of (a) 700nm and(b)1400nm 

 

2. Also, there is a good agreement between the results from hemispherical or 

cylindrical finite element models and experimental results for PSZT 

nanoislands in shallow indentation when indentation depth is no more than 5% 

of island thickness (around 10 nm). Meanwhile, compared to experimental data 

of 700 PSZT thin films, both simulation results and experimental data could 

demonstrate that nanoislands have lower indentation stiffness than films. 

(Figure 14) 
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Figure 14 Force-depth response obtained from the shallow nanoindentation (indentation depth is less 
than 10 nm) of doped 700nm PSZT films and nanoislands compared to results from finite element 
simulations of (a) nanoislands (d33=1000 pV/m) with cylinder structure (FEM cylind) and (b) 
nanoislands (d33=1000 pV/m) with hemispherical structure (FEM hemisph) 

 

 

 

Figure 15 Force-depth response obtained from the deep nanoindentation (indentation depth is around 
40 nm) of doped 700nm PSZT films and nanoislands compared to results from finite element 
simulations of (a) nanoislands (d33=1000 pV/m) with cylinder structure (FEM cylind) and (b) 
nanoislands (d33=1000 pV/m) with hemispherical structure (FEM hemisph). Bulk FEM from 
nanoindentation response of bulk unpoled PZT-5A materials 
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3. In deep indentation of nanoislands, when indentation load is less than 0.2mN 

or indentation depth is less than 20 nm, there is still good agreement between 

finite element models and experiment for nanoislands. Also the force-depth 

curves are close to each other for thin film and nanoislands within this range. 

Then a bifurcation is observed in experiments: the film becomes stiffer and 

keeps the trend; while, the nanoislands reach a maximum position and became 

flat. Different from bifurcation in experimental, simulation results show  that 

force-depth curves are similar for in two kinds of island as well as thin films. 

Compared to bulk PZT-5A, PSZT nanoislands have higher piezoresponse and 

indentation stiffness (Figure 15). There might be three reasons for the 

bifurcation between thin film and nanoislands: (i) Contact area: with deeper 

indentation, the thin film could provide more contact area however nanoislands 

cannot. (ii) Substrate effect: nanoislands have only 200nm along indentation 

direction and the indentation depth had reached 20% of the thickness, however, 

thin film has 700nm and indentation depth was only 5% of the thickness. There 

is a significant stress concentration on the interface of PSZT nanoislands and 

platinum (Pt) layer but not on the interface of thin film and Pt layer. (iii) Possibly 

plastic deformation: the plastic deformation possibly originates from slip 

dislocations in the highly nano-columnar structures [40, 94]. 

4. To illustrate the substrate effects in the indentation response of PSZT thin films 

and nanoislands, the materials properties are modified for simulation in current 

models. Two kinds of properties for Pt are brought in: one is normal bulk Pt with 

yield stress around 260 Mpa; another is Pt with nano structures with yield 

stress as high as 3 Gpa [95]. Then, new indentation responses with 

elastoplastic properties were presented in Figure 16. From finite element 
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simulation and experiments, the new substrate has little influence on 700nm 

and 1400nm thin films when the indentation depth is limited to 10% of the 

thickness. As the indenter goes deeper, the plasticity of substrate begins to 

influence the indentation response. This phoneme is significantly observed in 

700nm PSZT thin films. For the nanoislands, it is observed that the 

experimental curves are between the data from finite element models with 

nano structures Pt and normal Pt for deep indentation. Therefore, the plasticity 

of substrate would greatly influence the mechanical responses in deep 

indentation of both thin film and nanoislands.  

5. From simulations results, it indicates that the geometry of nanoislands 

prepared in experiments is more close to cylinder than hemisphere. The 

cylindrical nanoislands would be much stiffer than hemispherical structure at 

deep indentation. (Figure 15 and Figure 16) 

6. The geometry of triboindenter indenter has significant influences on the 

indentation responses. From the fitting data of simulation results, the 

force-depth curves could fit the power law P=Ch1.5 at shallow indentation and 

turn to P=Ch2 for deep indentation.  

7. Based on these results, the indentation response of thin film and nanoislands 

with Pt and silicon substrate could be divided into three steps: step (i), within 

indentation depth less than 10% piezoelectric structures, only elastic 

deformation are observed in piezoelectric structures and substrate; step (ii), 

within indentation depth between 10% and 20% piezoelectric structures, elastic 

deformation of piezoelectric structures and plastic deformation of substrate are 

found; step (iii), within indentation depth large than 20%, plastic deformation or 

breakdown (fracture) of piezoelectric structures as well as plastic deformation 

of substrate might happen 
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Figure 16 Force-depth response obtained from the nanoindentation of doped 700nm PSZT films and 
nanoislands compared to results from finite element simulations considering elastoplastic properties 
(Pt refers ordinary bulk platinum with yield stress at 265Mpa and and 0 hardening nano Pt refers 
plastic properties of nanostructured Pt [96] ) of Pt layer in substrate: (a) 1400nm thin film (d33=1000 
pV/m), (b) 700nm thin film (d33=1000 pV/m), (c) nanoislands (d33=1000 pV/m) with cylinder structure 
and (d) nanoislands (d33=1000 pV/m) with hemispherical structure 

4.4 Conclusions 

Overall, finite element method is successfully verified via the experimental 

results for the nanoindentation problems on doped PZT-thin films and nanoislands. 

From the simulation results, the doped effect could render the PZT-5A film stiffer 

than bulk materials. Also the finite element models could accurate capture the 

indentation response of nanoislands considering influences from both geometry 
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as well as substrate effects. Finally based on the simulation and experimental 

results, the process of indentation on piezoelectric thin films and nanoislands was 

summarized as three steps. 
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Chapter 5 Nanoindentation of piezoelectric materials: 

Part IV — Understanding the effects of geometry: 

implications for piezoelectric nanoislands, nanowires 

and thin films 

5.1 Introduction 

To prolong the lifespan of portable wireless devices, it is a good choice to 

design energy scavenging devices which could covert possible energy to electric 

energy. In recent research, several piezoelectric nanostructures, including 

nanoislands, nanofibers, nanowire and thin films have been designed and made 

from zinc oxide (ZnO), lead zirconate titanate (PZT), gallium nitride and barium 

titanate. These nanostructures could serve as nanogenerators via converting 

low-frequency vibrate mechanical energy into electric potential with small 

movement of metal coated cantilever. Z.L. Wang et al had developed several 

energy harvesting devices via nanowire/nanofibers via ZnO on plastic/fibers and 

these devices could collect energy on low frequencies (<10Hz) and the electrical 

voltage could reach 6 V [77, 81, 82, 85, 87]. Then, Xi Chen et al designed PZT 

nanofibers generators with PZT nanowire from sol-gel method. Under both tensile 

and bending effect, the peak voltage of the nanogenerator was 1.6V and the 

output power could reach 0.03 μW when the load resistance was 6MΩ [83].Later, 

K. J. Lee et al developed generators via Au-BaTiO3-Pt structure thin films on a 

polydimethylsiloxane (PDMS) substrate. The tensile and compressive stress from 

bending effects produced current up to 26 nA, output voltage up to 1.0V and 
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power density up to 7 mW/cm3 [82]. Also, film-type and island-type 

nanocapacitors are fabricated via W. Lee et al to develop potential applications of 

nanosized oxide capacitors for resistive memory (ReRAM) devices [80]. P. K. 

Purohit and M. C. Mcalpine et al prepared buckled PZT ribbons and the waves 

geometry could increases maximum tensile strain without fracture. The 

piezoelectric effect could be up to 70% and the current could be up to 60 pA [79]. 

Another piezoelectric ZnO thin film systems with plastic substrates were prepared 

via Y. S. Kim et al. Direct depositing and printing method made films low-cost and 

easy for large area production. The film structures exhibits a high elasticity and 

resistance to mechanical fatigue. The output voltage could reach 0.8V and output 

current density could reach 100 nA/cm2 [78]. 

Among these researches, few of them provide a comprehensive study to 

compare the influence of geometry shape and size scale. In Chapter 4, the 

experiments have verified simulation results on the mechanical indentation 

response of PSZT nanoislands and thin films. The objectives of this part are: (i) to 

obtain a comprehensive understanding of the nanoindentation response of 

several nanostructures of relaxor ferroelectric materials with different size scales; 

and (ii) to identify optimum combination of geometry shape and size scale when 

contact between piezoelectric materials and rigid tips were applied to design 

piezoelectric devices for energy harvesting. 

Different from the parts in characterization of piezoelectric materials via 

nanoindentation, materials properties (elastic modulus, piezoelectric coefficient 

and dielectric coefficient) are all the same but geometry structures are varied. 

Here, one kind of relaxor ferroelectric materials, PMN-0.33PT (Table 5), is chosen 

as the materials for energy harvesting. Three kinds of nanostructures, including 

nanoislands (hemispherical), nanowire (single line with height/width=1 and double 
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line height/width=2) and thin film, with very thin layer of platinum and silicon 

substrate (20 μm). The size range of these structures is from 200 nm to 1000 nm 

as shown in Figure 17 and a conducting spherical tip with 10 μm radius is used to 

generate electric charges. To avoid cracks propagation in materials, the 

indentation depth is limited to 15% of the piezoelectric structure’s length along 

loading direction. Three dimensional finite element models are built with around 

30,000 8-node linear piezoelectric brick (C3D8E) elements and 300,000 8-node 

linear brick, reduced integration (C3D8R) elements. To ensure the accurate when 

calculating electric charges, at least 50 elements are in contact with indenter at 

the maximum displacement. The force-depth and charge-depth curves are both 

recorded to analyze the final results. 

 

 

Figure 17 Schematic illustrating the indentation of piezoelectric nanostructures: nanoislands 
(hemispherical), nanowire (single structure with cross section height/width=1 and double structure 
with cross section height/width=2) and thin film  
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5.2 Results and discussion 

1. From the view of nanostructures on same size scale, nanoislands require 

minimum load to indent and thin films require maximum to indent. The reason 

for this trend is accused for contact regions with a specific tip: nanoislands 

always provided the minimum contact area and thin film provided the maximum. 

With increase of the size, the load from nanoislands is close to the nanowire at 

1000 nm.(Figure 18) 

2. From the charge-depth curves of all 200 nm nanostructures, different from 

trends in force-depth curves, nanowire (double) could generate most charge 

and nanoislands generate least. Thin film could offer more charge than 

nanowire (single) but smaller than nanowire (double). This trend is also 

presented in 500 nm and 1000 nm nanostructures. In nanowires, the 

piezoelectric structures are bended via spherical indenter and substrate so 

there are extra charges generated. Meanwhile, contact area can also affect 

total number of charges collected via indenter. So here, the position of 

nanowire (double) and thin films are switched. (Figure 19) 

 

 

Figure 18 The force-depth response obtained from conducting indentations on piezoelectric 
nanostructures nanoislands, nanowire (single), nanowire (double) and thin film with silicon substrate 
on same size scale (a) 200nm (b) 500nm and (c) 1000nm 
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Figure 19 The charge-depth response obtained from conducting indentations on piezoelectric 
nanostructures nanoislands, nanowire (single), nanowire (double) and thin film with silicon substrate 
on same size scale (a) 200nm (b) 500nm and (c) 1000nm 

 

3. From the view of geometry size, in nanoislands and nanowires, the larger 

structures are stiffer than smaller structures and provide more charges while in 

thin films, the smaller structures are stiffer than larger structures and provide 

more charges. This trend could be also illustrated via the change in contact 

regions. At same indentation depth, the contact region increases with the size 

increasing for nanoislands and nanowires, however, in thin film, since the 

indenter is always fully contacted with materials, this effect could be ignored 

since the contact region is affected by geometry shape very little. The 

difference in thickness brought in substrate effects during the contact: the 

elastic modulus of Si (185 Gpa) substrate is much higher than the normal 

elastic component of PMN-0.33PT (C33=115 Gpa). So with a stiffer substrate, 

the thinner films display stiffer mechanical response than thicker films. 

Meanwhile, with higher stress concentration, more charges are collected. 

(Figure 20 and Figure 21) 
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Figure 20 The force-depth response obtained from conducting indentations on piezoelectric 
nanostructures on different size scale, 200nm, 500nm and 1000nm with silicon substrate on same size 
scale (a) nanoislands, (b) nanowire (single), (c) nanowire (double) and (d) thin film 

 

Figure 21  The charge-depth response obtained from conducting indentations on piezoelectric 
nanostructures on different size scale, 200nm, 500nm and 1000nm with silicon substrate on same size 
scale (a) nanoislands, (b) nanowire (single), (c) nanowire (double) 
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4. To illustrate the geometry influence on the charge collecting, the relationship 

between the width of the thin nanowire and total number of reaction charges 

are investigated. The height of the nanowire is assumed as 500nm and the 

width increases from 500nm (single nanowire) to 5000nm (thin film). From 

Figure 22, initially, the number of charges increased with the width increasing. 

Although the geometry shape restricts volume of piezoelectric materials in 

contact, the bending effects could bring in extra charges. With the increase of 

width, the restriction of geometry shape gradually becomes weakened but the 

bending effect still works. So the value reaches the peak when the ratio of 

width/height is round 3. Later, the bending effect gradually disappears until the 

indenter tip fully touches with piezoelectric materials when nanowire could 

provide same contact area as thin films. So after the peak, the number of 

charges decreases. The value becomes same as the value from thin films 

when the ratio of width/height is round 5. (Figure 22) 

5. Compared between the load-ratio (for example, the maximum load of 500nm 

nanoislands/ the maximum load of 200nm nanoislands = 5.755) and size-ratio 

(for example, 500nm/200nm=2.5), it is recognizing that the nanoislands 

increase more than three other structures with the increase of size. Meanwhile, 

thin films could provide the maximum load on same sizes scale, but get 

minimum rate of increase on the load with same size ratio raise in current 

research. In the relationship between charge-ratio (for example, the maximum 

load of 500nm thin nanoislands/ the maximum load of 200nm thin film = 4.53) 

and size-ratio (for example, 500nm/200nm=2.5), it is also found that the charge 

generated from nanoislands increase more than three other structures with the 

increase of size. Then, nanowire (double) could provide the most charges on 

the same sizes scale, but get minimum rate of increase on the charge with 
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same size ratio raise. (Figure 19 and Figure 23) 

6. To illustrate the substrate effect in thin films, the silicon carbide, of which elastic 

modulus could reach 430 Gpa, is chosen as a stiffer substrate [96]. The 

charge-depth and force-depth curves are exhibited in Figure 24. The substrate 

influences the contact response initially so there is not significant inflection in 

the curves as shown in Chapter 4. Also, the bifurcation appeared since the 

indenter contacted with film. Then silicon carbide substrate renders the thin film 

stiffer and provides more charge than silicon substrate with same indentation 

depth. However, the stress concentration on the interface between 

piezoelectric materials and silicon carbide is significantly higher than interface 

of piezoelectric materials and silicon. 

 

 

Figure 22 The relationship between maximum charges obtained from conducting indentations and 
geometry factor, width/height, for nanowire with silicon substrate 
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Figure 23 The relationship between load/charge obtained from conducting indentations ratios with size 
ratios for all the nanostructures with silicon substrate, for example, the maximum load of 500nm 
nanoislands/ the maximum load of 200nm nanoislands, the size ratio was 2.5 and load ratio was 5.755 

 

 

Figure 24 The force-depth and charge-depth response obtained from conducting spherical 
indentations on piezoelectric thin films with silicon and silicon carbide substrate: (a) force-depth of 
200nm thin film (d) charge-depth of 200nm thin film (b) force-depth of 500nm thin film (e) 
charge-depth of 500nm thin film (c) force-depth of 1000nm thin film (f) charge-depth of 1000nm thin 
film 
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7. Although the indenter was not fully contacted with piezoelectric materials, the 

force-depth and charge-depth curves could fit the power law relationship for 

spherical indenter. (Table 8) 

 

Table 8 Fitting data of force/charge-depth curves from conducting indentation response of 
nanostructures via power law P=Ch1.5 (the unit of C =µN/(nm)1.5) and Q= Cqh1.5 (the unit of 
Cq=10-2pC/(nm)1.5) 

Force 

vs. 

Depth 

size  nanoislands nanowire single nanowire double thin film 

 

200nm 

C 1.16862 3.81471 9.25331 22.49749 

error 0.00293 0.01536 0.00994 0.12538 

error/C 0.002507 0.004027 0.001074 0.005573 

500nm 

C 1.69675 3.80254 9.65975 19.89796 

error 0.00389 0.01518 0.01716 0.16886 

error/C 0.002293 0.003992 0.001776 0.008486 

1000nm 

C 2.9562 3.90589 10.06092 17.33242 

error 0.01005 0.01398 0.02131 0.1396 

error/C 0.0034 0.003579 0.002118 0.008054 

Charge 

vs. 

Depth 

size  nanoislands nanowire single nanowire double thin film 

 

200nm 

Cq 0.000497 0.00378 0.00575 0.00437 

error 4E-06 1.99E-06 9.3E-06 3.11E-05 

error/Cq 0.008049 0.000527 0.001618 0.00712 

500nm 

Cq 0.000659 0.00411 0.00603 0.00495 

error 3.68E-06 2.9E-06 1.28E-05 5.06E-05 

error/Cq 0.005589 0.000706 0.002124 0.010231 

1000nm 

Cq 0.00108 0.00426 0.00579 0.00525 

error 2.48E-06 1.17E-05 9.05E-06 3.23E-05 

error/Cq 0.002293 0.002751 0.001562 0.006145 
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5.3 Conclusions 

According to the results above, the finite element method gives a 

comprehensive study on the influence of nanostructures on the indentation 

responses: the nanowires with proper geometry shape can provide maximum 

electric charges than thin film and nanoislands; larger scale of nanoislands and 

nanowire are stiffer but larger scale of thin film is softer; nanoislands would offer 

more ratio of charge with the same increase on the size scale. Also the substrate 

effects on mechanic and electric indentation response of thin film are presented. 

These results will be great helpful to design and fabrication of energy harvesting 

device. 
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Chapter 6 Nanoindentation of piezoelectric materials: 

Part V — Understanding the effects of electric fields: 

implication for  

 

6.1 Introduction 

Electrical fields have been applied to understand the ultrahigh strain/strength 

of relaxor ferroelectric materials [1, 2, 74]. Moreover, other effects from electrical 

fields, such as fracture toughness, bending test and polarization switching, have 

been reported [60, 97-100]. However, in most of previous research focusing 

nanoindentation responses of piezoelectric materials, the electric field was only 

applied paralleled to the polarization direction of piezoelectric materials. This 

prevented comprehensive understandings on influence of piezoelectric materials 

from electric field during nanoindentation test.  

So based on previous research as well as current research results, two 

important questions in the field remain to be fully answered: 

1. From a fundamental science perspective, is the nanoindentation response of 

piezoelectric materials influenced by external electric fields?  

2. From a technological perspective, can the influence of the electric fields on the 

indentation response of piezoelectric materials be better understood to impact 

the growing field of piezo force microscopy? 

Hence, the objectives of the this chapter are: (i) to obtain a comprehensive 

understanding of the nanoindentation response of several classes of anisotropic 
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piezoelectric materials under the influence of external electric fields; and (ii) to 

identify conditions where electric fields can be used in conjunction with 

nanoindentation to characterize the domain structure of piezoelectric materials. 

In this chapter, Nine classes of indentations are identified depending on the 

poling direction of the material with respect to the indentation direction (i.e., 

longitudinal or transverse) and the direction of the electric field which could be 

aligned parallel to the poling direction or orthogonal to the poling direction (Figure 

25). A similar three-dimensional finite element model was used as previous 

chapter. Four model piezoelectric materials – Barium Sodium niobate [51], 

Relaxor Ferroelectric [70], Barium Sodium Niobate [53], and Lithium Niobate [54] 

that, respectively, exhibit 4mm, 4mm, mm2, and 3m crystal symmetry are used as 

substrate materials for the indentation study. The indenter is modeled as being 

elastically rigid, and electrically insulating or conducting. Yet, too high electrical 

field can lead depolarization or dielectric breakdown in piezoelectric materials.  

Considering the maximum electrical field for hard PZT is 2400V/mm [101], in 

current research, ±1KV/mm and ±2KV/mm are amounted on piezoelectric 

materials to clarify the effect of electrical field during the indentation process. It is 

supposed that under this electric field, the piezoelectric materials just went 

through elastic expansion or compression and no dielectric breakdown or poled 

direction switching happened. 

6.2 Results and suggestion for piezo-force microscopy 

From the indentation study of nine classes of piezoelectric materials, the 

following principal observations are made:  

1. In indentations of Classes I and II, where the material is longitudinally poled 
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and the electrical field is applied in a direction that is orthogonal to the poling 

direction, the mechanical indentation stiffness and the electrical indentation 

stiffness are not influenced by the electric fields. (Figure 26) 

2. In indentations of Class III, where the material is longitudinally poled and the 

electric field is applied in a direction that is parallel to the poling direction, the 

mechanical and electrical indentation stiffnesses are significantly influenced by 

the magnitude and direction of the applied electric field. Amongst the four 

piezoelectric materials considered in the present study, Barium Titanate and 

Relaxor Ferroelectric which have relatively higher piezoelectric constant e33, 

exhibit greater sensitivities to the applied electric fields. A positive electric field 

tends to make the indented material mechanically and electrically stiffer while a 

negative electric field has the opposite effect. This electric field effect on the 

mechanical indentation stiffness is conceptually similar to the influence of a 

residual stress in (a non-piezoelectric) indented material on the mechanical 

indentation stiffness where a compressive residual stress results in a greater 

resistance to indentation while a tensile residual stress provides less resistance 

to indentation as compared to indentations on a stress-free material. (Figure 

27) 

3. In indentations of Classes IV and VIII, where the material is poled transverse to 

the direction of indentation and the electric field is applied along the poling 

direction, there is a significant influence of the electric field on the mechanical 

indentation response of the materials with a positive electric field resulting in a 

more compliant indentation response while a negative electric field resulting in 

a more stiffer indentation response. A positive electric field stretches the 

piezoelectric material in a direction that is perpendicular to the direction of  
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Figure 25 Schematic illustrating nine classes of indentations to capture the 
influence of electric fields on the effective indentation response of 
anisotropic piezoelectric materials with conical, indenters. 

 

Figure 26 The force-depth and the charge-depth indentation response 
obtained from indentations of Classes I and III for four model piezoelectric 
materials – Barium Titanate (BT), Relaxor Ferroelectric (RL), Barium Sodium 
Niobate and Lithium Niobate. (The radius of the spherical indenter is 
10µm.) 
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Figure 27 The force-depth and the charge-depth indentation response obtained from indentations of Classes II for four model piezoelectric materials –
Barium Titanate (BT), Relaxor Ferroelectric (RL), Barium Sodium Niobate (BSN) and Lithium Niobate (LN). (The radius of the spherical indenter is 10µm.) 
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indentation, thus making the mechanical indentation response of the material to 

be more compliant. (Figure 28) 

4. In indentations of Classes VI and IX, where the material is transversely poled 

and the electric field is applied along the indentation direction, the electrical 

indentation stiffness is influenced moderately by the applied electric fields, 

while the mechanical indentation stiffness remains relatively unchanged. 

(Figure 29) 

5. In indentations of Classes V and VII, where the material is transversely poled 

and the applied electric field is neither aligned with the poling direction nor the 

indentation direction, the electrical indentation stiffness is influenced slightly by 

the applied electric fields, while the mechanical indentation stiffness remains 

relatively unchanged. (Figure 30) 

6. From a technological perspective, existing piezo force microscopy methods 

use out-of-plane electric fields to identify piezoelectrically active domains in the 

out-of-plane direction. The present study demonstrates that in-plane electric 

fields can be used to identify domains which are poled along specific in-plane 

directions. (Figure 31)  

7. Generally, materials with weak piezoelectric ability (BNN & LN) show less 

variance than those with strong piezoelectric ability (BT&RL) under same 

electric fields. Also considering more complex properties of lithium niobate (e22), 

on some cases, some charges could still be detected under Class IV-IX.  

8. In Class II, analytical models could present the force-depth and charge depth 

relationships for Barium Titanate. However, the results did not match well with 

current finite element models and the problems would come from ignoring the 

coupling electric field, which is dominated by both external electrical field and 

local electric field from piezoelectric effect. (Figure 32) 
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Figure 28 The force-depth and the charge-depth indentation response obtained from indentations of 
Classes IV and VIII for four model piezoelectric materials –Barium Titanate (BT), Relaxor Ferroelectric 
(RL), Barium Sodium Niobate (BSN) and Lithium Niobate (LN). (The radius of the spherical indenter is 
10µm.) 
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Figure 29 The force-depth and the charge-depth indentation response obtained from indentations of 
Classes V and VII for four model piezoelectric materials –Barium Titanate (BT), Relaxor Ferroelectric 
(RL), Barium Sodium Niobate (BSN) and Lithium Niobate (LN). (The radius of the spherical indenter is 
10µm.) 
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Figure 30 The force-depth and the charge-depth indentation response obtained from indentations of 
Classes VI and IX for four model piezoelectric materials –Barium Titanate (BT), Relaxor Ferroelectric 
(RL), Barium Sodium Niobate (BSN) and Lithium Niobate (LN). (The radius of the spherical indenter is 
10µm.) 

 

 

Figure 31 (a, b) Typical piezo force microscopy techniques allow the identification and characterization 
of the domains of a piezoelectric material that are active along the out-of-plane (z) direction by 
applying an electric field in the out-of-plane (z) direction. (c, d) The approach presented in this study 
allows for the characterization of the domains that are active along the in-plane (e.g., x) direction by 
applying an electric field along the in-plane (x) direction. 



 

67 
 

 

 

Figure 32 The force-depth and charge-depth indentation response obtained from the finite element 
analysis with the analytical model predictions [27] for the transversely isotropic Lead Zirconate 
Titanate system for spherical indentation using a conducting indenter 

 

6.3 Conclusions 

Overall, in this part, a three-dimensional finite element model has been 

developed to accurately capture the effect of external electric fields on the 

indentation response of piezoelectric materials. Nine classes of indentations are 

carefully examined and it is demonstrated that the indentation response of 

piezoelectric materials is, in general, strongly influenced by electric fields when 

the electric field is aligned parallel to the poling direction. In particular, the present 

study demonstrates that in-plane electric fields can be used in conjunction with 

nanoindentation to identify domains which are poled along specific in-plane 

directions, thus enhancing the versatility of the piezo force microcopy technique 

for characterizing active materials.   
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Chapter 7 Conclusions 

With new developed three-dimensional finite element simulation models has 

been applied to collect micro/nanoindentation responses on anisotropic 

piezoelectric materials with multi-geometry shapes, including bulk, films, 

nanoislands and nanowire. From large number of simulations and related data, 

following conclusions could be highlighted: 

1. The force/charge-depth curves of anisotropic piezoelectric materials (Lithium 

niobate, Barium sodium niobate and Relaxor ferroelectric materials etc.) could 

fit power law. 

2. The dominant factors (C33 and e33) for mechanical/electrical indentation 

response of bulk materials are confirmed. 

3. Simulation results could be verified by corresponding experiments as well as 

analytical models. 

4. Piezoelectric effect renders bulk materials stiffer and piezoelectric 

nanostructures with higher piezoelectric coefficient (etc. e33 or d33) could have 

better electromechanical performance. 

5. Elastic modulus of substrate could influence the indentation response at the 

initial of indentation however the elastoplastic of substrate could influence the 

response after a certain indentation depth. 

6. Nanowire with bending effect could offer more charges than thin films under 

spherical indentation. 

7. The polarization direction of piezoelectric materials can be determined via 

analysis nanoindentation responses under appropriate electric boundary 

conditions. 
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Chapter 8 Suggestions and future works  

8.1 Forward and reverse analysis 

As presented in literature survey, by dimensional analysis, materials’ 

properties could be extracted from indentation results with proper algorithm and 

analysis. However, such method has been few used for piezoelectric materials. 

With the finite element models in current research, the forward analysis, which 

means the indentation response could be calculated from materials properties, 

has been finished. For transversely isotropic piezoelectric material, as dominant 

factors presented in Chapter 3, the materials will be simplified as: elastic modulus 

(C33 and C13), piezoelectric coefficient (e31 and e15) and dielectric coefficient (ε). 

Then, more than three hundreds materials combinations will be listed and the 

electric and mechanics responses under indentation will be calculated by FEM. 

Then dimensionless functions are derived by fitting polynomial functions based on 

the dimensional analysis. Furthermore, an algorithm is needed to deduce 

materials’ properties from these responses and this is reverse analysis. 

Meanwhile, to verify this process, uniqueness and sensitivity analysis should be 

considered. 

8.2 Further FE simulation 

In current research, the bulk materials are set as single crystal materials with 

same properties. Later, piezoelectric composites, such as 0-3, 1-3 and 2-2 types 

will be considered [102-104]. Also porous piezoelectric materials, with various 
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pores geometric shapes and porosities, will be designed and the indentation 

behavior will be simulated.  

Another aspect would be potential application in biology, such as bones, 

joints and teeth. Bones could be treated as porous piezoelectric composites and 

nanoindentation tests could help people in test the electromechanical 

performance of artificial bone and joints [105-107]. 

Also, as piezoelectric materials widely applied in energy harvesting devices, 

it will be helpful if we could predict electric current, efficient, fatigue and fractures 

from finite element simulations. Considering the default element model for 

piezoelectric materials in current commercial package is only available for elastic 

deformation and not sufficient to accomplish these new goals. New constitutive 

equations and element models with nano effects and plasticity should be derived 

and subroutines code for dynamic elements will be required in future.  

8.3 Experimental verification 

Since some indentation experiments had been done on transverse isotropic 

piezoelectric materials, indentation experiments on relaxor ferroelectric materials 

and other anisotropic piezoelectric materials (lithium niobate and barium sodium 

niobate) will be prepared. Also as we discovered in Chapter 6, nanoindentation 

will helpful to determine the in-plane direction of polarization piezoelectric 

materials. So it will be interesting to design and prepare such experiments on 

small size of piezoelectric materials. 
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Chapter 9 Thesis outcomes 

9.1 Publications 

 Cheng G, Venkatesh TA. Nanoindentation response of anisotropic 

piezoelectric materials. Phil Mag Lett. 2012;92(6):278-87. 

 Cheng G, Venkatesh TA. Dominant factors influencing the 

nanoindentation response of piezoelectric materials: a case study in 

relaxor ferroelectrics. Phil Mag Lett. 2013;93(2):116-128. 

 Cheng G, Venkatesh TA. The influence of electrical field and electrical 

potential on nanoindentation of anisotropic piezoelectric materials 

(submitted) 

 Nili H, Cheng G, Venkatesh TA, Sriram S, Bhaskaran M. Correlation 

between nanomechanical and piezoelectric properties of thin films: An 

experimental and finite element study. Mater Lett. 2013;90:148-51. 

 Cheng G, Venkatesh TA. Nanoindentation response of piezoelectric 

nanoislands: experiments and simulations (to be submitted in May 2013) 

 Cheng G, Venkatesh TA. Nanoindentation response of nanostructures: 

the influence of geometry and size scale.( to be submitted in June 2013) 
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9.2 Patents 

 Cheng, G. and Venkatesh, T. A. (2011) “Method to Determine the Poling 

State and Poling Direction of Anisotropic Piezoelectric Materials through 

Instrumented Indentation”, Patent Disclosure.  

 Cheng, G. and Venkatesh, T. A. (2013) “Method to Determine the 

In-plane Piezoelectric Characteristics of Thin Film Materials through 

Nanoindentation under Electric Fields”, Patent Disclosure  
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