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ABSTRACT OF THE DISSERTATION 

 

Characterization and modeling of ferroelectric materials for high pressure, high temperature 

applications. 

 

by 

Juan Carlos Valadez Perez 

 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2013 

Professor Christopher S. Lynch, Chair 

 

 

This dissertation focuses on the development of a deeper understanding of the pressure driven 

transformations in various lead zirconate titanate compositions that can be used to convert 

mechanical work to electrical energy and vice versa. The approach is predominantly 

experimental. The results are discussed in the context of thermodynamics based models and 

related thermodynamics based models of phase transformations.   

Experimental characterization of ferroelectric materials was carried out under different loads 

such as hydrostatic pressure up to 1 GPa, temperature up to 175C and electric field up to 

±5MV/m.  



 

iii 
 

Experimental results shown that the 95—5 PZT undergoes FE—AFE—FE transformations  

under hysdrostatic pressure, temperature and electric field and double hysteresis loops in the 

AFE—FE transformation were obtained. 

Results for two compositions, 95—5 PZT, and modified 52—48 PZT,  are discussed in detail. 

Experimental results were also obtained for several related compositions and their potential use 

in industrial applications was assessed. 
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Chapter 1  

 Characterization and modeling of ferroelectric materials for high 
pressure, high temperature applications  

1.1 Summary 
Pulsed power applications of ferroelectric materials utilize rapid depolarization to convert work 

done by pressure on the material to electrical energy.  Two types of transformation can be used 

to generate electrical energy.  Variant to variant transformations within the same phase where 

each variant has a different polarization direction represent the first type.  This type of 

transformation takes place at constant volume and is thus driven by shear, or differences in 

principle stress components in orientations that drive the shear type transformation. When each 

variant is polar, but with different polarization direction, the variant to variant transformation can 

be used to transform mechanical work to electrical energy.  The second type, phase to phase 

transformations, are more often used for pulsed power generation.  They typically take the 

material from a polar phase to a non—polar phase.  The ferroelectric to antiferroelectric (FE—

AFE) phase transformation that takes place in certain compositions of lead zirconate titanate 

involves a volume reduction, with the AFE phase occupying approximately 1% less volume than 

the polar FE phase.  This transformation is driven by a hydrostatic stress.  A fraction of the work 

done during the volume change can be converted to electrical energy.  Each of these 

transformations can be driven at high rates, the upper bound being the time it takes a shock wave 

to pass through the material. 

This dissertation focuses on the development of a deeper understanding of the pressure driven 

transformations in various lead zirconate titanate compositions that can be used to convert 
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mechanical work to electrical energy.  The approach is predominantly experimental.  The 

experimental results are used to develop pressure—temperature phase diagrams for Pb(Zr0.095Ti1-

0.05)O3 (95—5 PZT) with a low volume fraction of Niobium doping.  Experimental results were 

also obtained for several related compositions and their potential use in pulsed power 

applications was assessed. The results are discussed in the context of thermodynamics based 

constitutive models and related thermodynamics based models of phase transformations.   

Experimental characterization of ferroelectric materials was carried out under different loads 

such as hydrostatic pressure up to 1 GPa, temperature up to 175C and electric field up to 

±5MV/m. Results for two compositions, 95—5 PZT, and modified 52—48 PZT,  are discussed 

in detail. 

1.2 Literature review and background 

1.2.1 Motivation 
From the discovery of the piezoelectric effect in 1881 by the Curie brothers to present date many 

piezoelectric transducers and actuators have been developed. The linear piezoelectric effect is 

understood and is used in most transducer designs. Many researchers also addressed the 

importance of the non linear effects and hysteresis loops. A combination of experimental 

observations and modeling has been used to develop a fundamental understanding of the 

behavior of ferroelectrics over a broad temperature range and over a broad range of stress and 

electric fields.  

Early work on the effects of composition on the structure and behavior of PZT by 

Berlincourt [1] described the phase diagram of PZT.  Berlincourt also described the effect of Nb 

doping on stabilizing the AFE phase. Subsequent researchers developed 95—5 PZT doped with 
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2% niobium for pulsed power applications. Experimental work done on the 95—5 PZT included 

extensive characterization of the FE to AFE phase transformation under pure hydrostatic loading 

as well as under hydrostatic loading with superimposed uniaxial stress. Both were performed as a 

function of temperature [2-3]. Other characterization work on the FE to EFA transformation 

involved shock loading using plate impact [4-12]. 

In pulse power generation applications of 95—5 PZT, a large voltage is generated. This 

results in a large electric field in the PZT. Previous work did not characterize the effect of large 

electric field levels on the pressure induced FE—AFE phase transformation behavior.  

Characterizing the effect of large electric field on the FE—AFE phase transformation required 

the development of a temperature—pressure chamber with electrical feed throughs in which up 

to 5kV could be placed on a specimen at temperatures from ambient to 200C, and at pressures 

from atmospheric to 1.5 GPa.  This chamber was then used to characterize the effects of different 

loading combinations of pressure—temperature—electric field on the phase transformation. 

1.2.2 Applications 
Pb(ZrxTi1-x)O3 (PZT) has been used in devices such as sonar, transducers for ultrasonic 

application, accelerometers, force transducers and actuators for precise positioning. However, 

when high temperature and/or pressure are present, many ferroelectric materials are inadequate 

or their performance has not been well characterized. It is anticipated that the fundamental 

research presented in this dissertation will benefit multiple applications including pulsed-power 

devices and devices for harsh environments such as ultrasonic drills, sonar, and piezopumps.   
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1.2.2.1 Applications for pulsed-power devices 
A recent book describes the use of ferroelectric materials in pulse power generation devices [13]. 

In such devices a charge is released when the material is subjected to a high pressure shock wave 

and the resulting generated electrical energy is released in a few microseconds.  

1.2.2.2 Applications in the oil industry 
Some of the potential applications in the oil industry include ultrasonic drills, transducers for 

well logging characterization, and piezopumps. Current operating environments of the oil 

industry require extraction of oil offshore up to 3000 m under sea level with temperature 

conditions over 200° C. Once the well is producing oil, ultrasonic drilling technology could be 

used in operations to clean solid depositions from pipelines on the pipe walls. An ultrasonic drill 

could provide a large axial force, relatively low power consumption and the required size to 

perform this task in this environment. This drilling technology is based on an ultrasonic horn 

transducer driven by a piezoelectric stack that could be adapted to operate in the high 

temperature and pressure environment [14]. 

Another application in the oil industry where high temperature ferroelectrics may play a role is 

well logging using ferroelectric transducers. Ultrasonic transducers are in increasing demand 

when other tools cannot get results. Currently, researchers are developing new ferroelectric 

transducer which can provide higher definition imaging with better resolution and the ability to 

reach inter-well distances of up to 1 mile. For this purpose a ferroelectric down hole source can 

be used as an active element and other ferroelectrics as receivers. The differences in transmission 

properties of the geology e.g. channel fills, sand lenses, fault planes, etc., in the inter-well space 

are recorded and later analyzed. 
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Small actuator devices such piezopumps are a valuable technology in the oil industry. Electro-

mechanical systems that can generate considerable force and withstand high temperature and 

pressures demand material performance in a harsh environment. This industry frequently 

requires power for complicated mechanisms under hostile environments, with the difficulty of a 

limited space to operate such devices (usually from 1 to 3 inches diameter) and a high 

mechanical power required. The piezoelectric pump is a device which can be used as an actuator 

for well tools. This piezopump uses a piezoelectric stack to produce repeated strokes over a 

chamber with two check valves and produces a high actuated pressure [15]. 

1.2.2.3 Applications in the Aerospace and automotive industry 
The automotive and aerospace industries also require high temperature ferroelectric ceramics. 

Examples of applications of this special group of ferroelectrics in the aerospace industry include 

detection of structural flaws, detection and control of vibration, detection of stresses in structures 

and components that operate at high temperature, etc. In the automotive industry is a similar 

case, where small devices, actuators and transducer, require ferroelectric materials which are 

reliable under such environmental conditions, examples include: pumps, pressure transducer, 

force transducer, ferroelectric valves, fuel injectors, etc. 

1.2.2.4 Applications in interplanetary exploration 
In addition to a wide variety of applications for high pressure and temperature in the oil, 

automotive and aerospace industry, there are other potential applications for such devices. Future 

NASA explorations involve missions to Venus among others [16]. Such environments present 

extreme environmental conditions of temperature and pressure. Currently there is no device to 

power or actuate complicated mechanisms in these environments. Ferroelectric materials have 

the potential to actuate under high temperature (high Curie point materials) and high pressure. 
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Moreover, these materials can withstand large doses of radiation with no significant degradation 

of the mechanical properties. Example of such devices include ultrasonic drills, rock abrasion 

tools, rotary motors, pumps, and force transducers. 

1.3 Ferroelectric materials for high pressure and temperature 
applications 

The challenge of developing new devices for use in harsh environments based on ferroelectric 

materials has resulted in the development of new PZT compositions. These ferroelectric devices 

must withstand high forces, torques and a relatively high resistance to fatigue. A ferroelectric 

ceramic material which has been used many years is PZT due to its high electromechanical 

coupling and low losses. The availability of such materials for high pressure and high 

temperature devices is limited because the ferroelectric properties degrade with temperature and 

pressure or the behavior is not completely understood. The maximum temperature these 

ferroelectric ceramics can function is usually given by the Curie temperature (Tc) above which 

the material undergoes a ferroelectric to paraelectric phase transformation. The working pressure 

varies according to composition. Figure 1.1 shows a typical phase diagram for PZT composition 

adapted from Jaffe [17]. 



 

7 
 

 

Figure 1.1 PZT phase diagram as a function of composition [17]. 

Compositions near the 52—48 or 95—5 morphotrophic phase boundaries (MPB) are of special 

interest.  52—48 PZT has large electro-mechanical coupling coefficients, and PZT 95—5 can be 

driven through a phase transformation by pressure. 95—5 PZT is near a MPB between 

ferroelectric and antiferroelectric phases (vertical dashed line), PZT 52—48 is near the MPB 

between the rhombohedral ferroelectric high temperature and the tetragonal ferroelectric phases 

(vertical center line).  Compositions near each of these MPBs were characterized in this work 

under combinations of temperature, pressure, and electric field. 

1.3.1 95—5 PZT Ceramic 
95—5 PZT has the ability to releases charge when subjected to a shock—wave compression 

induced phase transition from the rhombohedral ferroelectric to the orthorhombic 

antiferroelectric phase [18-19]. 95—5 PZT is a particular composition with lead zirconate 

titanate having a Zr:Tr ratio of 95:5 and often modified with niobium to stabilize the ferroelectric 

phase Pb0.99Nby(Zr0.95Ti0.05)1-yO3 with 0.01<y<0.025. This composition is near the 

morphotrophic phase boundary between the ferroelectric and antiferroelectric phase. There is 
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evidence for the coexistence of both phases near the MPB at room temperature [20]. Figure 1.2 

shows the phase diagram for the 95—5 PZT as a function of pressure and temperature given by 

Fritz [21].  This diagram indicates that different combinations of pressure and temperature result 

in five different phases, two ferroelectric, two antiferroelectric, and one paraelectric. 

Many studies have been carried out to understand 95—5 PZT behavior. Early experimental 

works describe the response under shock-wave compression [12, 18-19, 22-27]. Under 

hydrostatic pressure studies were carried out by Lee et al [2] and by  Zeuch and  coworkers [3].  

 

Figure 1.2 Temperature-Pressure phase diagram of 95—5 PZT (2Nb) adapted from Fritz [21] with the solid lines 
indicating the forward transformation and the dashed lines indicating the reverse transformation. 

1.3.2 52—48 PZT ceramic. 
52—48 PZT ceramic is a widely used material in electromechanical system such as sensors and 

actuators. This ferroelectric ceramic is produced in industrial quantities and is readily available 

in different shapes and sizes. The composition ratio 52:48 (52% lead zirconate and 48% lead 

titanate) is close to the morphotropic phase boundary between the rhombohedral and tetragonal 

crystal structures (see Figure 1.1). This MPB is a nearly temperature independent phase 
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boundary. The coexistence of two phases with equal free energy enhances the ferroelectric and 

piezoelectric properties of the ceramic. Noheda et. al. [28] found a new phase in between, a 

monoclinic phase (Figure 1.3), which induces some anomalies in the dielectric constant and loss 

at low temperatures [29]. Guo et al. [29] reported the dielectric permittivity with bias electric 

field and an abnormal behavior in the dielectric permittivity under positive bias electric field. 

They suggested that such behavior is because the high electric field applied (20 kV/cm) causes 

not only domain switching, but induces a phase transition from tetragonal to monoclinic phase.  

 

Figure 1.3. Modified Phase diagram with monoclinic phase indicated near MPB. Adapted from Noheda et al [28]. 

1.4 Ferroelectric Micromechanical Model 
Hwang, Lynch and McMeeking [30] developed a model in which there is an energy barrier for 

switching the polarization direction within the ferroelectric phase, Gc To switch a variant from a 

state a to b, the energy barrier Gc must be overcome by the work done per unit volume by 

combined electrical and mechanical driving forces. A uniform stress and electric field are 

approximated (a Reuss type approximation). The polycrystal response is obtained by averaging 

all grain responses. Each time a variant switches, it provides a change in remnant strain and 

polarization in a grain that contributes to the remnant strain and remnant polarization of the 
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ceramic. A grain is assumed to be a single domain, and each grain switches entirely when the 

energy barrier is reached. This model, with adequate parameters, gives insight into the 

contribution of orientation effects of the grains to the macroscale ceramic hysteresis loops.    

Both variant switching and phase transition criteria can be modeled using work—energy 

principles. In ferroelectric switching, external work is done during a switch from one variant to 

another variant. Figure 1.4 illustrates that for variant switching to take place at constant electric 

field, work is required for the electric field to switch the polarization direction from the [001] 

direction to the [001�] direction. The electrical work is calculated as the scalar product of the 

polarization and electric field vectors. Similarly, the driving force for mechanical switching can 

be obtained from the scalar product of two second order tensors, stress and strain 𝑊 = 𝜎𝑖𝑗∆𝜀𝑖𝑗 +

𝐸𝑚∆𝐷𝑚. This approach also applied to phase transitions.  In the case of the phase transition, a 

phase transition criterion for the case in which hydrostatic pressure induced phase transition from 

rhombohedral to orthorhombic can be obtained by calculating the work done during such a 

transition, in this case is the hydrostatic pressure times the volumetric strain. See Figure 1.5. 

 

Figure 1.4 Work done to switch 180° a tetragonal cell from 001 direction. 
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Figure 1.5  Phase transition from rhombohedral FE to orthorhombic AFE under hydrostatic pressure as a driving 
force. 

Little effort has been made to incorporate temperature and bias pressure terms into 

micromechanical models. Senousy et al. [31] modified the model from Hwang, Lynch and 

McMeeking [30] to get a temperature dependent domain switching model for ferroelectric 

materials. They also postulate that 180° switching can only happen with two 90° switches. They 

argue that this is necessary to predict hysteresis loops matching experimental results under 

different electric, stress and temperatures fields.  
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Chapter 2  

 Theory  

2.1 Energy functions. 
The behavior of ferroelectric materials can be described using thermodynamics based 

phenomenological models. The derivation of constitutive laws governing ferroelectric behavior 

as well as phase transformations begins with the identification of a set of electrical, mechanical, 

and thermal work conjugate variables. A useful discussion was provided by Mason [32]. The 

internal energy can be written in the differential form as the sum of the mechanical, thermal, and 

electrical contributions as in equation 2—1. 

𝑑𝑈 = 𝑇𝑖𝑗𝑑𝑆𝑖𝑗 + 𝑇𝑑𝑆 + 𝐸𝑚𝑑𝐷𝑚 2—1 

Where: 

𝑈 = 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 

𝑇𝑖𝑗 = 𝑆𝑡𝑟𝑒𝑠𝑠 𝑓𝑖𝑒𝑙𝑑 

𝑆𝑖𝑗 = 𝑆𝑟𝑎𝑖𝑛 𝑓𝑖𝑒𝑙𝑑 

𝐸𝑚 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑 

𝐷𝑚 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝑆 = 𝑒𝑛𝑡𝑟𝑜𝑝𝑦 

 



 

13 
 

Assuming a perfect differential, the dependent variables are expressed as partial derivatives of 

the internal energy: 

𝑇𝑖𝑗 = 𝜕𝑈
𝜕𝑆𝑖𝑗

;  2—1 

𝐸𝑚 = 𝜕𝑈
𝜕𝐷𝑚

;  2—2 

𝑇 = 𝜕𝑈
𝜕𝑆

   2—3 

 

The independent variables in this case are strain, dielectric displacement and entropy. In this 

formulation the stress, electric field, and temperature are each functions of all three independent 

variables, strain, electric displacement, and entropy. Entropy is not easy to hold constant in most 

loading configurations. Legendre transformations are used to interchange the dependent and 

independent variables. 

The following functions are obtained using Legendre transformations: 

 

𝐹𝑟𝑒𝑒 𝑒𝑛𝑒𝑟𝑔𝑦                𝐴 = 𝑈 − 𝑇𝑆 

𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦                      𝐻 = 𝑈 − 𝑇𝑖𝑗𝑆𝑖𝑗 − 𝐸𝑚𝐷𝑚 

𝐺𝑖𝑏𝑏𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛           𝐺 = 𝑈 − 𝑇𝑖𝑗𝑆𝑖𝑗 − 𝐸𝑚𝐷𝑚 − 𝑇𝑆 

 

Taking the Gibbs function then the dependent variables are found to be: 



 

14 
 

𝑆𝑖𝑗 = −𝜕𝐺
𝜕𝑇𝑖𝑗

  2—4 

 

𝐷𝑚 = −𝜕𝐺
𝜕𝐸𝑚

  2—5 

 

𝑆 = −𝜕𝐺
𝜕𝑇

   2—6 

 

Constitutive laws are generated using a Taylor's series expansion of the dependent variables in 

terms of the independent variables.  If we take a Taylor series expansion around the equilibrium 

point with zero stress and zero electric field and set the reference electric displacement and 

reference strain to zero we can get the dependent variables as a function of  𝑇𝑘𝑙 , 𝐷𝑚,𝑎𝑛𝑑 𝑇 , 

therefore: 

𝑆𝑖𝑗 = 𝜕𝑆𝑖𝑗
𝜕𝑇𝑘𝑙

𝑇𝑘𝑙 + 𝜕𝑆𝑖𝑗
𝜕𝐷𝑛

𝐷𝑛 + 𝜕𝑆𝑖𝑗
𝜕𝑇

(𝑇 − 𝑇0) + 1
2!
� 𝜕2𝑆𝑖𝑗
𝜕𝑇𝑘𝑙𝜕𝑇𝑞𝑟

𝑇𝑘𝑙𝑇𝑞𝑟 + 2𝜕2𝑆𝑖𝑗
𝜕𝑇𝑘𝑙𝜕𝐷𝑛

𝑇𝑘𝑙𝐷𝑛 + 2𝜕2𝑆𝑖𝑗
𝜕𝑇𝑘𝑙𝜕𝑇

𝑇𝑘𝑙(𝑇 −

𝑇0) + 𝜕2𝑆𝑖𝑗
𝜕𝐷𝑛𝜕𝐷0

𝐷𝑛𝐷0 + 2𝜕2𝑆𝑖𝑗
𝜕𝐷𝑛𝜕𝑇

𝐷𝑛(𝑇 − 𝑇0) + 𝜕2𝑆𝑖𝑗
𝜕𝑇2

(𝑇 − 𝑇0)2� + 1
3!

𝜕3𝑆𝑖𝑗
𝜕𝑇𝑘𝑙𝜕𝐷𝑛𝜕𝐷0

𝑇𝑘𝑙𝐷𝑛𝐷0 + ⋯ 

 2—7 

 

𝐸𝑚 = 𝜕𝐸𝑚
𝜕𝑇𝑘𝑙

𝑇𝑘𝑙 + 𝜕𝐸𝑚
𝜕𝐷𝑛

𝐷𝑛 + 𝜕𝐸𝑚
𝜕𝑇

(𝑇 − 𝑇0) + 1
2!
� 𝜕2𝐸𝑚
𝜕𝑇𝑘𝑙𝜕𝑇𝑞𝑟

𝑇𝑘𝑙𝑇𝑞𝑟 + 2𝜕2𝐸𝑚
𝜕𝑇𝑘𝑙𝜕𝐷𝑚

𝑇𝑘𝑙𝐷𝑛 + 2𝜕2𝐸𝑚
𝜕𝑇𝑘𝑙𝜕𝑇

𝑇𝑘𝑙(𝑇 −

𝑇0+𝜕2𝐸𝑚𝜕𝐷𝑛𝜕𝐷𝑜𝐷𝑛𝐷𝑜+2𝜕2𝐸𝑚𝜕𝐷𝑛𝜕𝑇𝐷𝑛𝑇−𝑇0+𝜕2𝐸𝑚𝜕𝑇2𝑇−𝑇02+13!𝜕3𝐸𝑚𝜕𝐷𝑛𝜕𝐷𝑜𝜕𝐷
𝑝𝐷𝑛𝐷𝑜𝐷𝑝+…  2—8 
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(𝑆 − 𝑆0) = 𝜕𝑆
𝜕𝑇𝑘𝑙

𝑇𝑘𝑙 + 𝜕𝑆
𝜕𝐷𝑛

𝐷𝑛 + 𝜕𝑆
𝜕𝑇

(𝑇 − 𝑇0) + 1
2!
� 𝜕2𝑆
𝜕𝑇𝑘𝑙𝜕𝑇𝑞𝑟

𝑇𝑘𝑙𝑇𝑞𝑟 + 2𝜕2𝑆
𝜕𝑇𝑘𝑙𝜕𝐷𝑚

𝑇𝑘𝑙𝐷𝑛 +

2𝜕2𝑆𝜕𝑇𝑘𝑙𝜕𝑇𝑇𝑘𝑙𝑇−𝑇0+𝜕2𝑆𝜕𝐷𝑛𝜕𝐷𝑜𝐷𝑛𝐷𝑜+2𝜕2𝑆𝜕𝐷𝑛𝜕𝑇𝐷𝑛𝑇−𝑇0+𝜕2𝑆𝜕𝑇2𝑇−𝑇02+13!𝜕3𝑆𝜕
𝐷𝑛𝜕𝐷𝑜𝜕𝐷𝑝𝐷𝑛𝐷𝑜𝐷𝑝+…  2—9 

 

Note that in the partial differentiation with respect to one variable the others variable are held 

constant. This is typically indicated by superscripts on the elastic and dielectric coefficients. 

Derivatives can be replaced by the corresponding constants to obtain a set of constitutive 

equations. For instance the strain is given by 

𝑆𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙
𝐷,𝑇𝑇𝑘𝑙 + 𝑔𝑛𝑖𝑗𝐷𝑛 + 𝛼𝑖𝑗(𝑇 − 𝑇0) + 1

2!
�𝑈𝑖𝑗𝑘𝑙𝑛𝑇𝑘𝑙𝐷𝑛 + 𝑇𝑠𝑖𝑗𝑘𝑙𝑇𝑘𝑙(𝑇 − 𝑇0) + 𝑞𝑖𝑗𝑛𝑜𝐷𝑛𝐷0 +

2𝑇𝑔𝑛𝑖𝑗𝐷𝑛𝑇−𝑇0+𝑇𝛼𝑖𝑗𝑇−𝑇02+13!𝑅𝑖𝑗𝑘𝑙𝑚𝑛𝑇𝑘𝑙𝐷𝑛𝐷0+… 2—10 

 

Neglecting temperature variations and higher power terms, linear constitutive laws for 

piezoelectric materials can be obtained, therefore using the corresponding constants the Gibbs 

energy function for linear piezoelectricity at constant temperature becomes: 

𝐺 = −1
2
�𝑆𝑖𝑗𝑘𝑙𝐷 𝑇𝑖𝑗𝑇𝑘𝑙 + 2𝑔𝑛𝑖𝑗𝐷𝑛𝑇𝑖𝑗� + 1

2
𝛽𝑚𝑛𝐷𝑚𝐷𝑛  2—11 

 

Where: 

𝑆𝑖𝑗𝑘𝑙
𝐷,𝑇  =

𝜕𝑆𝑖𝑗
𝜕𝑇𝑘𝑙

    𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑎𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐷 𝑎𝑛𝑑 𝑇  

𝑔𝑛𝑖𝑗 =
𝜕𝑆𝑖𝑗
𝜕𝐷𝑛

=
𝜕𝑆
𝜕𝑇𝑖𝑗

       𝑃𝑖𝑒𝑧𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
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𝛽𝑚𝑛
𝑆𝑖𝑗,𝑇

𝑚𝑛 = 𝐼𝑛𝑣𝑒𝑟𝑠𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑡𝑟𝑒𝑠 

Linear piezoelectric equations at constant temperture are given by: 

𝑆𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙𝐷 𝑇𝑘𝑙 + 𝑔𝑛𝑖𝑗𝐷𝑛;  2—12 

 

𝐸𝑚 = 𝛽𝑚𝑛
𝑇 𝐷𝑛 − 𝑔𝑛𝑖𝑗𝑇𝑖𝑗  2—13 

 

Each of the different thermodynamic potentials gives a different set of equations for linear 

piezoelectrics, but all of them are related. The sets at constant temperature are as follows: 

𝑆𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙𝐸 𝑇𝑘𝑙 + 𝑑𝑛𝑖𝑗𝐸𝑛;           𝐷𝑛 = 𝜖𝑚𝑛
𝑇 𝐸𝑚 − 𝑑𝑛𝑖𝑗𝑇𝑖𝑗  2—14 

𝑇𝑘𝑙 = 𝑐𝑖𝑗𝑘𝑙𝐸 𝑆𝑖𝑗 − 𝑒𝑚𝑘𝑙𝐸𝑚;           𝐷𝑛 = 𝑒𝑛𝑖𝑗𝑆𝑖𝑗 + 𝜖𝑚𝑛
𝑆 𝐸𝑚  2—15 

𝑇𝑘𝑙 = 𝑐𝑖𝑗𝑘𝑙𝐷 𝑆𝑖𝑗 − ℎ𝑛𝑘𝑙𝐷𝑛;           𝐸𝑚 = −ℎ𝑚𝑖𝑗𝑆𝑖𝑗 + 𝛽𝑚𝑛
𝑆 𝐷𝑛  2—16 

where the piezoelectric coefficients are related by 

𝑑𝑛𝑖𝑗 = 𝜖𝑚𝑛
𝑇 𝑔𝑚𝑖𝑗 = 𝑒𝑛𝑘𝑙𝑆𝑖𝑗𝑘𝑙𝐸 ;           𝑒𝑛𝑖𝑗 = 𝜖𝑚𝑛

𝑆 ℎ𝑚𝑖𝑗 = 𝑑𝑛𝑘𝑙𝐶𝑖𝑗𝑘𝑙𝐸  2—17 

𝑔𝑛𝑖𝑗 = 𝛽𝑚𝑛
𝑇 𝑑𝑚𝑖𝑗 = ℎ𝑛𝑘𝑙𝑆𝑖𝑗𝑘𝑙𝐷 ;           ℎ𝑛𝑖𝑗 = 𝛽𝑚𝑛

𝑆 𝑒𝑚𝑖𝑗 = 𝑔𝑛𝑘𝑙𝐶𝑖𝑗𝑘𝑙𝐸  2—18 

 

2.2 First and Second Order Phase Transformations 
First order phase transformations are characterized by a discontinuity in the derivatives of the 

Gibbs free energy function with respect to temperature and hydrostatic stress. This describes 

discontinuous changes in entropy S and volumetric strain V. These discontinuities induce a 

discontinuous change in the latent heat of the transformation, e.g. enthalpy H. Mathematically 

these concepts are:  
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𝜕𝐺
𝜕𝑇

= −𝑆 ;         
𝜕𝐺
𝜕𝑃

= 𝑉            𝑎𝑟𝑒 𝑑𝑖𝑠𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑖𝑛 𝑓𝑖𝑟𝑠𝑡— 𝑜𝑟𝑑𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛. 

For second—order transformation the second derivatives of the Gibbs free energy function with 

respect to temperature and hydrostatic stress are discontinuous at the equilibrium transformation 

temperature and the first derivatives are continuous, therefore: 

�𝜕
2𝐺

𝜕𝑇2
�    𝑎𝑛𝑑  �𝜕

2𝐺
𝜕𝑃2

�   𝑎𝑟𝑒 𝑑𝑖𝑠𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑠 𝑖𝑛 𝑠𝑒𝑐𝑜𝑛𝑑— 𝑜𝑟𝑑𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛. 

It is also possible to describe a phase transformation based on its order or disorder with respect to 

an order parameter. Considering order—disorder behavior based on an order parameter during a 

phase transformation, it is found that a considerable change in the order—disorder composition 

is characteristic of a first—order transformation. The implications of this is that a disordered 

state will have a higher internal energy than an ordered state, therefore higher enthalpy, thus 

there will be a discontinuous change in H at the transition temperature. On the other hand for 

transformations that have a gradual disordering of the structure over a range of temperature 

including the transformation temperature Tc, the enthalpy H and internal energy will be 

continuous across Tc. Therefore this will be a second—order phase transformation. 

2.3 Landau Theory 
Landau theory describes phase transition using an order parameter [33-34]. In Landau theory the 

behavior of a system in equilibrium is completely described near a phase transition based on 

symmetry considerations. This theory uses a set of parameters as an input that can be determined 

either from experiments or from microscopic calculations. In Landau theory a system cannot 

change smoothly between phases of different symmetry. The key parameter from this theory is 

that the thermodynamic states of two phases symmetrically distinct must be the same at the 
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transition point even when the symmetry of one phase is greater than that of the other. The 

theory goes further by using an order parameter to characterize the transition. This order 

parameter has a value of zero to describe a high symmetry or disordered phase and changes 

continuously as the symmetry is lowered. This order parameter is an internal variable of the 

system and is different in each phase to be described. In ferroelectricity this order parameter is 

polarization. 

As a consequence of the existence of polarization as an order parameter we can expand the free 

energy F around the transition point as a power series of polarization [33]. 

𝐹1(𝑃,𝑇) = 𝐹0+∝ 𝑃 + 𝛽𝑃2 + 𝛾𝑃3 + 𝜑𝑃4 + ⋯  2—19 

where the coefficients 𝛼,𝛽, 𝛾 𝑎𝑛𝑑 𝜑 can be functions of T. In the presence of a constant applied 

field (E) the internal variables balance to an equilibrium position and therefore the equation of 

free energy takes the following form: 

𝐹(𝑃,𝑇) = 𝐹1(𝑃,𝑇) − 𝐸𝑃  2—20 

The simplest way to represent an energy functions for ferroelectricity under Landau theory is to 

eliminate 𝜶 because the order parameter vanishes in the high temperature phase in the absence of 

any external field, i.e. 𝝏𝑭
𝝏𝑷

= 𝟎. Also  𝜸 is zero considering the material to have symmetric wells 

in the free energy—polarization plane. These can only be represented by even functions of 

polarization. To represent a second order transition from the free energy equation 2—21 it is 

necessary for the minimum of the free energy to change continuously at the transformation 

temperature 𝑻𝑪. The simplest way to represent this behavior is to have 𝜸 change its sign at 𝑻𝑪, 

therefore the form of this coefficient is taken to be 𝜷 = 𝒃(𝑻 − 𝑻𝒄), where b>0 and constant. In 

Landau theory 𝜑 is a also a constant greater than zero. 
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Figure 2.1 shows the Landau free energy as a function of the order parameter (P) for various 

temperatures. Symmetric wells appear at T<Tc where a phase transition has just taken place.  

 

Figure 2.1 Free Energy F as a function of the order parameter P under different temperatures  

The state of the system in each point is found by minimizing this free energy with respect to 

polarization, i.e. when in equilibrium the polarization is associated with one of the energy wells. 

It is underlined that Landau theory does not describe the microscopic physics during the 

transition. It describes the average behavior in terms of the order parameter. 

In Landau theory the phase transition induced by temperature is of second order and there is no 

hysteresis, however if the transition is induced by an electric field at T<Tc then the transition is 

of first order and is associated with hysteresis. Taking the first derivative of F with respect to P 

we can solve for the applied field and get the following equation: 

𝐸 = 2𝛽𝑃 + 4𝜑𝑃3  2—21 

Where 𝜷 =  𝒃(𝑻 − 𝑻𝒄) and 𝝋 > 0. Figure 2.2 depicts the order parameter P as a function of an 

external field E for different temperatures. Clearly hysteresis appears at T<Tc when at zero 

applied field there is a remnant of the order parameter. These kinds of transition  are called 
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field—induced [34-35]. Notice that equation 2—22 describes a spinoidal crossing zero 

polarization at zero applied field, however this trajectory does not correspond to minimum values 

in the free energy—order parameter plane, therefore they are unstable values that do not 

contribute to the hysteresis path that occurs in phase transitions. The hysteresis path is indicated 

by arrows in Figure 2.2. 

 

Figure 2.2 Order parameter vs. applied field for different temperatures. Hysteresis appear at T<Tc and therefore a 
first order induced—field transition. 

2.4 Devonshire theory 
Devonshire presented a theory similar to Landau theory to describe phase transition of first and 

second order in ferroelectrics. Devonshire theory is based on physical principles for 

ferroelectrics. First, the thermodynamic state of any system in equilibrium can be described by a 

set of specific variables. Furthermore the theory states that at thermal equilibrium the dependent 

internal variables or order parameters minimize the free energy. Devonshire explained the 

transition of ferroelectric materials similar to BaTi03 in which there is a temperature transition of 

first order that Landau theory does not consider. This first—order transition gives a remnant 

value of the order parameter (polarization) at the transition temperature. He developed the 
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ferroelectric theory using a cubic form as the initial state then explained the ferroelectric 

behavior as a distortion around the cubic state. For a perovskite structure all terms in the 

expansion are even due to symmetry of the unit cell. 

In Devonshire theory higher order terms do not depend on temperature. At high temperature the 

free energy has only a minimum value at zero polarization without any applied field. At low 

temperature the free energy has minima at non—zero values of polarization. These minima are 

symmetric wells that correspond to crystallographic directions of cells accordingly. The equation 

that Devonshire developed takes the following form: 

𝐹(𝑃,𝑇) = 𝐹0+∝ 𝑃2 − 𝛽𝑃4 + 𝛾𝑃6 − 𝐸𝑃  2—22 

𝜕𝐹
𝜕𝑃

= 2 ∝ 𝑃 − 4𝛽𝑃3 + 6𝛾𝑃4 − 𝐸  2—23 

Therefore the response of the system to an applied field is given by: 

𝐸 = 2 ∝ 𝑃 − 4𝛽𝑃3 + 6𝛾𝑃4  2—24 

where ∝= 𝒂(𝑻 − 𝑻𝒄) and 𝜷,𝜸  are constants greater than zero, P is the order parameter and E is 

the applied field. Besides the low and high temperature phases this model is able to describe an 

intermediate phase where both phases coexist. The coefficients can be obtained through 

experiment or from microscopic calculations.  

2.5 Antiferroelectricity 
Antiferrolectricity is defined when lines of spontaneous polarization in a lattice coexist with 

neighboring lines spontaneously polarized in antiparallel directions [36]. Shirane and coworkers  

showed experimentally in 1951 that lead zirconate (PZ) was not a ferroelectric material but an 

antiferroelectric [37]. They ran D—E loops on PZ at temperatures from 25º to 245º C passing 

through the Curie point at 233º C and did not get the typical ferroelectric hysteresis loops but 
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linear response. Besides they did a pyroelectric test in which first under the application of an 

electric field a specimen was cooled down from a temperature higher than the Curie point, 

passing through the Curie point, to a lower temperature than the Curie point, then after heating 

up to a high temperature no discharging current was observed at the Curie point. These results 

were opposite to the same experiments carried out in ferroelectric materials like BaTiO3 in which 

a discharging current is observed when transforming to a paraelectric phase at the Curie point. 

Shirane explained this behavior stating that PZ was an antiferroelectric material and 

schematically showed a double hysteresis loop (Figure 2.3.a). Additionally the authors explained 

the material behavior in terms of free energy in which the free energy of the ferroelectric phase 

must be lowered under the influence of an electric field. Figure 2.3.b depicts the free energies on 

the ferroelectric, antiferroelectric and paraelectric phases as described by Shirane. 

 

a)      b) 

Figure 2.3 a) Schematic representation of the double hysteresis loop of PZ. b) Free energies of PZ phases. Adapted 
from [37] 

Sawaguchi et al. examined the crystallographic structures of PZ using X-ray analysis and optical 

observations [38].  They found that the lattice of the structure had repeated periods of 4a, 4b and 

2c in the directions of the primitive paraelectric cubic structure. This structure was reported as 
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orthorhombic with parameters a=5.87A, b=11.74A and c=8.20A and contains 8 molecules. 

Figure 2.4 shows the structure described by Sawaguchi. 

 

Figure 2.4 Antiferroelectric structure of PZ, the displacements of the lead ions are represent by arrows. The 
rectangle represents an antiferroelectrics cell. 

  

Shirane et al. [39] reported that lead titanate (PT) is ferroelectric with a tetragonal structure at 

room temperature and when heating up undergoes a phase transformation at the Curie point to a 

cubic paraelectric structure. The following lattice parameters for the tetragonal structure were 

reported: a=3.894Å, c=4.140Å, and c/a=1.063 and a Curie temperature of 490C, and for the 

paraelectric phase at 535C the lattice constant is a=3.960Å. 

Later Sawaguchi [40] demonstrated that adding impurities to the PZ composition could change 

the antiferroelectric structure to a ferroelectric phase. The impurities added by Sawaguchi were 

substitution of the Ti4+ for Zr4+. Moreover, with 5 to 6% of substitutions this new ferroelectric 

phase was stable at room temperature up to the Curie point. Jaffe [17] provided a complete phase 

diagram of PZT as a function of composition, see Figure 2.5. 
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Figure 2.5 . PZT phase diagram as a function of composition [17] 

Carabatos et al. [20] studied Niobium doped PZT 95-5 ceramics using X-ray diffraction, Raman 

and infrared spectroscopy techniques and found that two phases coexist at room temperature. 

Moreover, structural parameters were obtained for these phases as follow: a=5.8653 Å, 

b=11.784Å, c=8.2131Å for the antiferroelectric orthorhombic phase and a=5.8653Å, α=90.407º 

for the ferroelectric rhombohedral phase. The antiferroelectric phase was predominant at room 

temperature. Additionally Raman scattering experiments were carried out from low temperatures 

of 10K up to high temperatures including the Curie point at 235C and they conclude that 

Niobium doped 95—5 PZT does not undergo a phase transition below room temperature and 

confirmed the ferroelectric—paraelectric phase transition at high temperature.  

2.6 Phenomenological modeling of Antiferroelectricity. 
Kittel developed the first phenomenological model of antiferroelectricity in 1951 [36] even 

before experimental studies had revealed the existence of the antiferroelectric structure. The 
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model simplifies antiferroelectric behavior by using two identical interpenetrating lattices with 

polarization Pa and Pb, with the free energy of the system represented by : 

𝐺 = 𝑓�𝑃𝑎2 + 𝑃𝑏2� + 𝑔𝑃𝑎𝑃𝑏 + ℎ�𝑃𝑎4 + 𝑃𝑏4� − 𝐸(𝑃𝑎 + 𝑃𝑏)  2—25 

where f, g, h are function of temperature and E is the constant applied electric field. Introducing 

a change in variables  PF=Pa+Pb and PA=Pa-Pb where PF is the ferroelectric macroscopic 

polarization and PA is a measure of antiferroelectric polarization, equation 2—26 can be 

rearranged to take the following form [35, 41]: 

𝐺 = 1
2
�𝑓 + 𝑔

2
� 𝑃𝐹2 + 1

2
�𝑓 − 𝑔

2
�𝑃𝐴2 + ℎ

8
�𝑃𝐹4 + 6𝑃𝐴2𝑃𝐹2 + 𝑃𝐴4� − 𝐸𝑃𝐹  2—26 

This simple uniaxial model predicts experimentally observed phenomena associated with the 

antiferroelectric phase transition including the double hysteresis D—E loops. Depending of the 

signs of the parameters, the transition can be of first or second order.  Fujimoto and Yasuda in 

1975 [42] added hydrostatic pressure terms to the Kittel model to explain pressure dependence 

during phase transitions.  Later Uchino, Cross and Newham [43] added hydrostatic pressure and 

electrostrictive terms to the Kittel model and proposed a model that could explain pressure 

dependence of the Curie—Weiss temperature observed in simple perovskite antiferroelectrics. 

Wang [44] included octahedral tilt terms in a Kittel model to describe a transition in an 

antiferroelectric material under pressure, temperature and  electric field. 

2.7 Applications of Antiferroelectrics 
Antiferroelectric materials have useful applications in industry. Ferroelectric materials that 

undergo a transition to an antiferroelectric phase have successfully been used for pulsed power 

devices. Transition from a ferroelectric to an antiferroelectric phase is characterized not only by 

a change in electrical properties of the material but also by the coupling of the sublattice 
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polarizations to strain. This large strain field during transformation is used when developing 

actuators or transducers that require large displacements.  

For energy related applications antiferroelectric materials have advantages over ferroelectrics. 

Figure 2.6 depicts the D—E hysteresis loops for ferroelectric and antiferroelectric materials. The 

energy density is greater in an antiferroelectric than in a ferroelectric material. This energy is 

useful to develop mechanical work in actuators or transducers, force generators or for capacitive 

energy storage applications. 

 

a)     b) 

Figure 2.6 a) D—E loop of a ferroelectric material, The dashed area represents the energy density. b) D-E loop for 
an antiferroelectric material, the dashed area represents the energy density.  
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Chapter 3  

 Pressure/Electric field/temperature experimental arrangement  

3.1 Experimental Set—up 

3.1.1 Overview 
 A high pressure system was purchased and modified to enable application of hydrostatic 

pressure to ferroelectric materials under controlled electric field and temperature.  This system is 

able to apply hydrostatic pressure to specimens inside a pressure vessel. The pressure vessel has 

a special closure with electrical feedthroughs that allows measuring the temperature and strains 

as well as the application of the electric field to the material inside the pressure vessel. An 

electric waveform generator was used to drive a signal that was amplified by a voltage amplifier. 

A modified Tower—Sawyer circuit was used to measure the charge across the ceramic and 

therefore the electric displacement. Strain gages were used to measure the strain in the material. 

A schematic diagram of the experimental arrangement is shown in Figure 3.1. 

 

Figure 3.1 Experimental system for high pressure and temperature with hysteresis loop measurements. 
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3.1.2 Heated Pressure Generator 
The equipment comprises a Harwood Mobile Pressure Generator by Harwood Engineering Co., 

Inc. and two heated pressure vessels (only one is used at a time) with dimensions of 2.54cm 

internal diameter by 8.89 and 22.86cm long respectively (See Figure 3.2). The equipment and the 

vessels are rated for 1.3 GPa (200,000PSI) and service at temperatures over a range from room 

temperature to 250C. This equipment was modified to enable application of high voltage to 

specimens within the chamber. 

 

Figure 3.2. Heated Pressure Generator by Harwood Eng. 

The pressure generator is driven using a manually operated valve. The pressure reduction is 

performed using a second manually operated valve. The vessel has six electrical leads, two of 

them make an iron-Constantan thermocouple and the remaining four leads can be used either to 

connect strain gages, to apply electric field or to measure polarization.  The vessel is heated 
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externally and controlled by a time-proportional controller (Fenwal 923) to a specific 

temperature set point.  

An important part of the system is the high-pressure electrical leads. A high pressure high 

voltage feedthrough was developed for this work based on a variation from the method 

developed by Bridgman [45-46] called the Amagat conical seal. The electrical feed through is a 

standard type of electrical lead—through for high pressure systems. The main components of the 

high pressure electrical lead—through are a metallic cone insulated from a supporting steel plug 

by a thin conical sleeve of 96% Alumina (Rescor 960 Alumina) that can be machined with 

conventional tooling on standard shop equipment and no heat treatment is required, therefore the 

final dimensions and angles of the conical shape are not altered. The cone is forced into position 

by a retaining screw. The electrical leads are sealed below and above the conical seal.  

The pressure generator uses Monoplex-Dos (dioctyl sebacate) as a pressure transmitter. This 

fluid allows transmitting the pressure uniformly to the specimen under the complete range of 

pressure and avoids a typical problem of increasing viscosity under high pressures. Additionally 

Monoplex-dos has the following properties:  low shear strength, low viscosity, excellent 

viscosity stability with pressure, chemically inert, high electrical resistance, high flash point, 

easy to handle, easy to seal with a high-pressure enclosure, and good lubrication properties 

which prolong the life of the moving parts in the equipment.  It is economical and readily 

available. 

3.2 Specimen Preparation 
Cube and plate specimens of piezoelectric material 95—5 PZT were provided by TRS 

Technologies. Specimens were prepared by a solid oxide route followed by dicing and 
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electroding. The process is controlled at several stages to monitor density, grain size distribution 

and electrical properties. The materials were polarized and both the strain and polarization 

changes were measured.  Next the specimens were placed in the high pressure chamber and 

pressurized.  Details of these experiments are discussed in the experiment sections that follow. 

For high temperature experiments specimens were coated with high temperature epoxy to protect 

the strain gages and the specimen itself from the high-pressure oil. 

3.3 Electrical System 
The electric field is generated by a high-voltage power amplifier (Trek, Inc. Model 610E). This 

amplifier has a full scale high-voltage range of either ±10,000 V or ±1000 V with a resolution of 

10 V or 1 V respectively, selectable full scale current ranges of 0 to ±200 µA or 0 to 2000 µA 

and a large signal bandwidth from DC to 1.2 KHz. As a high-voltage amplifier, this model 

amplifies an externally applied signal from a function generator with a gain. The gain is switch 

selectable between 100V/V or 1000V/V. Precision voltage output provides low-voltage 

representation of the high-voltage output for monitoring purposes. 

A function generator is used to generate the signal to drive the electric field.  

A Sawyer-Tower circuit is used to measure the electric displacement. This is a charge measuring 

circuit.  The circuit consists of a large capacitance (9.9 μF) capacitor Co (relative to the 

specimen) connected in series with the ceramic specimen. The charge on the capacitor is the 

same as that on the ceramic, therefore the charge on the capacitor can be calculated by the 

equation: 

𝑄 = 𝑄0 = 𝐶0𝑉   3—1 
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where V is the voltage across capacitor Co. Polarization can be obtained by  

    𝑃 = 𝑄
𝐴
     3—2  

where P is polarization and A is the area of the electrode. The read capacitor is connected to a 

high input impedance electrometer (Kiethly Programmable Electrometer Model 6512) at low 

frequency or an operational amplifier at higher frequency.  The input impedance is kept 

sufficiently high (200 TΩ in parallel with 20 pF)  that the voltage on the "read" capacitor can be 

monitored without draining the charge and thereby affecting the measurement of electric 

displacement. The various electrical signals generated are recorded on a computer through a 

digital data acquisition system (DAQ) by National Instruments. A computer and a graphical user 

interface in LABVIEW EXPRESS were used at higher frequencies to trigger and record the 

electric field cycles. 

3.4 Strain Measurements. 
Standard 350 Ω strain gages were used to measure strains along the principal axes in the 

ceramics. A Wheatstone bridge type 2100 Strain Gage Conditioner and Amplifier System from 

Vishay Measurements Group was used to measure strain. This is a multi-channel system for 

generating conditioned signals from strain gage inputs. It contains independently variable and 

regulated excitation for each channel, fully adjustable calibrated gain from 1 to 2100, bridge-

completion components to accept quarter, half and full bridge inputs to each channel, 100 mA 

output, input impedance > 100 MΩ, minimum frequency response from dc to 15 kHz at 3dB and 

from dc to 5 kHz at 0.5dB. The excitation range is from 0.5 to 12 Vdc. A low pass filter was 

used in each output channel to remove higher frequency noise. 



 

32 
 

 

Table 3-1. Instruments and equipment used in experiments. 

Instrument or Equipment Manufacturer Model 
Heated Pressure Generator Harwood Engineering Co., Inc.  

High-voltage Power Amplifier Trek, Inc. 610E 
Time-proportional controller Fenwal 923 
Programmable Electrometer Keithley 6512 

DAQ National Instruments NI PCI-6251 
Function Generator Wavetek 29 

3.20  GHz Intel PC, 2 GB 
RAM 

Dell Computer Corp.  
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Chapter 4  

 The effect of a hydrostatic pressure induced phase transformation 
on the large field unipolar D—E response of 95—5 PZT 

4.1 Overview 
95—5 PZT undergoes a hydrostatic pressure induced ferroelectric rhombohedral to 

antiferroelectric orthorhombic phase transformation (FE—AFE).  This chapter discusses the 

experimentally determined effect of this phase transformation in niobium doped lead zirconate 

titanate (95—5 PZT) on the large field dielectric response to unipolar electric field. In the 

experimental work the material was first polarized by application of an electric field in excess of 

the coercive field.  The poled ceramic was next hydrostatically depoled by driving the FE—AFE 

phase transformation whole monitoring the stress—strain and stress—electric displacement 

response.  After this initial characterization, specimens of 95—5 PZT were subjected to unipolar 

electric field loading at different hydrostatic pressure levels to determine the effect of hydrostatic 

pressure on the large field unipolar dielectric behavior.  Electric field was varied from zero to 1 

MV/m at a series of fixed pressure levels between zero and 550 MPa.  This resulted in minor 

hysteresis loops with the area inside the loops dependent on both pressure and electric field 

amplitude.  Two different slopes were taken from the D—E loops, identified as the small—field 

and large—field slopes.  Both changed with pressure and displayed distinct jumps at the forward 

and reverse FE—AFE phase transformations.  The area within the loops in the ferroelectric 

regime increased as the pressure was increased but dropped abruptly as the material passed 

through the pressure induced phase transformation.   
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4.2 Background 
Ferroelectric pulsed power devices use explosive or impact generated hydrostatic pressure to 

rapidly depolarize 95—5 PZT and produce electrical power. The power produced depends on the 

remnant polarization in the ferroelectric phase and on the large field dielectric permittivity in the 

antiferroelectric phase.  Until now, the large field dielectric behavior has not been measured as a 

function of hydrostatic pressure.     

The composition—temperature phase diagram of PZT adapted from Jaffe et. al. [17] is shown in 

Figure 4.1.a. The vertical dashed line indicates the 95—5 PZT composition.  This composition is 

very near the FE—AFE morphotropic phase boundary at room temperature.  As the temperature 

is increased, the 95—5 PZT composition changes from the low temperature rhombohedral 

ferroelectric phase to the high temperature rhombohedral ferroelectric phase. This phase 

transformation as identified by a change in the dielectric response. 

Fritz et. al. developed the pressure—temperature phase diagram for 95—5 PZT shown in Figure 

4.1.b by monitoring the small field dielectric response during loading.  At room temperature the 

pressure necessary to drive the FE—AFE phase transformation was found to be around 250 

MPa.  As the temperature was increased, the pressure necessary to drive this phase 

transformation increased.  In general, the closer a PZT composition is to a morphotropic 

boundary, the smaller the driving force required to induce a field driven phase transformation 

across that boundary.   
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a) b)  

Figure 4.1 a)  Composition phase diagram of PZT with the dotted line showing the location of the 95—5 
composition (adapted from Jaffe, Cook, and Jaffe [17]) and b) Temperature-Pressure phase diagram of 95—5 PZT 

adapted from Fritz [47] with the solid lines indicating the forward transformation and the dashed lines indicating the 
reverse transformation. 

 

Early work of Moon et. al. in 1969 [48] reported some of the properties of 95—5 PZT.  This was 

followed by Lysne in the 1970s who explored shock generation of electrical power as well as the 

dielectric properties of 95—5 PZT [22-23].  In this same period, Dick explored the effect of the 

electrical state on the FE—AFE phase transformation [24], and Mock looked at pulse charging 

of nanofarad capacitors with 95—5 PZT [49].  In 1992, Zeuch published work on hydrostatic 

and triaxial loading of 95— PZT.  Their loading system enabled measuring the low field 

dielectric response of the material subjected to a combination of hydrostatic pressure and a 

superimposed uniaxial stress.  The strain was measured during loading through the phase 

transition. This was the first and possibly the only work to present measurements of the 

ferroelastic strain of the orthorhombic antiferroelectric phase by preferential formation of certain 

of the orthorhombic AFE variants [50]. 
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In the 1990s a number of researchers looked at properties as well as structure property 

relationships of 95—5 PZT [51-56], and others looked at shock depolarization and its application 

to pulse power generation [57-58].  Between 2005 and 2008 a series of articles appeared 

addressing the effect of shock compression on the properties of 95—5 PZT [59-67].  During this 

same period, other articles addressed effects of niobium addition, chemical preparation based 

processing, and the introduction of controlled porosity on material properties [68-72].   

Several researchers have worked on characterizing the response of 95—5 PZT under shock wave 

compression. Setchell et. al. [5, 8-9, 11, 73-75] performed experiments using shock wave 

compression to investigate the effects of porosity, microstructure, dielectric properties, depoling 

currents, and to measure the Hugoniot equation of state and related mechanical constitutive 

properties. Tuttle [76] performed experiments to show that the hydrostatic FE to AFE 

transformation stress decreases with increasing porosity for 95—5 PZT ceramic. The dynamic 

electromechanical characterization of axially poled 95—5 PZT under shock compression was 

reported by Furnish et. al. [77]. 

Montgomery developed a mechanics based model of the phase transformation behavior of 95—5 

PZT [78], and Robbins developed a microstructure based  model [79].  These models helped to 

provide insight into the observed material behavior. 

4.3 Specimen preparation 
Nb doped 95—5 PZT plate specimens were provided by TRS Technologies. Specimens were cut 

to dimensions of 0.5x10x10 mm.  Silver electrodes were applied to the 10x10 mm faces. 

Specimens were prepared by a solid oxide route followed by dicing and electroding. Specimens 
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were coated with epoxy to protect the strain gages and the specimen itself from the high-pressure 

oil. 

4.4 Experimental arrangement 
The experiments were performed in two stages.  First the specimens were polarized and the D—

E and S—E loops were measured.  These measurements were performed using the Sawyer—

Tower circuit described in Chapter 3.  This same circuit was also used in the hydrostatic 

chamber. 

The specimens were subjected to combined hydrostatic pressure and unipolar electric field 

loading.  The experimental arrangement was described in detail in Chapter 3 and depicted in 

Figure 3.1. It consists of a hydrostatic pressure chamber with dimensions of 25.4mm internal 

diameter by 88.9mm long and six electrical feedthroughs.  The feedthroughs enable application 

of electric field and measurement of electric displacement, strain, and temperature.  Temperature 

was measured using an iron—constantan thermocouple.  A high-pressure pump raised the 

pressure to set levels between zero and 1.5 GPa.  A function generator was used to drive a 

voltage amplifier. The output of the voltage amplifier was fed into the pressure chamber to the 

specimen. The electrical return path for the power supply was connected to a large "read" 

capacitor (9.9 µF) outside of the pressure chamber.  The read capacitor was connected to a high 

input impedance volt meter (electrometer at frequencies below 5 Hz or an op amp at higher 

frequencies).  The input impedance of the volt meter was kept sufficiently high that the voltage 

on the "read" capacitor could be monitored without draining the charge and thereby affecting the 

measurement of electric displacement.  Strain was measured using a metal foil strain gage in a 
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Wheatstone bridge arrangement.  The various electrical signals generated were recorded on a 

computer through a digital data acquisition system (DAQ) and subsequently plotted. 

4.4.1 Poling and hydrostatic depoling 
Specimens were initially polarized outside of the hydrostatic chamber using the Sawyer—Tower 

circuit to measure the electric displacement vs. electric field hysteresis loops and the strain vs. 

electric field hysteresis loops. The electric field applied to the specimen was 3MV/m at 0.04 Hz. 

The transverse strain components were measured using strain gages placed on the ground 

electrode (perpendicular to the electric field direction).  The poled specimens were then placed in 

the hydrostatic chamber.     

4.4.2 Unipolar electrical loading in the hydrostatic chamber 
Pressure was increased in steps from zero to 550 MPa. The pressure step magnitude was 

decreased around the phase transformation pressure.  The increasing and decreasing pressure rate 

from one step to the next was about 50 MPa/min.   Unipolar electric field cycles of 1 MV/m at 

200 Hz were run at each hydrostatic pressure level. Resulting electric displacement vs. electric 

field minor hysteresis loops were recorded. A temperature increase of 4º C was registered when 

pumping fluid from atmospheric pressure to 550MPa and this working fluid temperature 

decreased to room temperature when the pressure was reduced to atmospheric. 

4.5 Experimental results 

4.5.1 Poling and hydrostatic depoling 
Figure 4.2 shows the results of the initial poling of the material.  The D—E hysteresis loop is 

symmetric and displays a remnant strain of 660 microstrain and remnant polarization of 0.37 

C/m2. As the electric field passed the coercive field, the material became polarized and the 

transverse strain magnitude increased in a large step.  As the electric field was reduced to zero, 
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the transverse strain approached the remnant transverse strain value and the electric displacement 

approached the remnant polarization value.  Next the electric field was run negative. When the 

coercive field was reached, the polarization reversed direction and the strain again jumped.  As 

the electric field was cycled above the coercive field, the hysteresis loops were traversed as 

shown. 

a.  

b.  

Figure 4.2.  Material response measured during the initial poling cycle: a) electric displacement—electric field, b) 
transverse strain—electric field 

Specimens under short circuit conditions were next placed in the pressure chamber and the 

response to hydrostatic pressure was measured.  The results are shown in Figure 4.3.  The 

pressure was raised over a period of several minutes at a rate of approximately 50 MPa/min. 

Figure 4.3.a shows the electric displacement vs. hydrostatic stress.  The electric displacement 



 

40 
 

started at 0.35 C/m2. Note that this is slightly lower than the remnant polarization measured from 

the D—E loop.  This is due to logarithmic decay of the remnant polarization over time, the well 

known “aging” effect.  At 330 MPa there was an abrupt change in electric displacement as the 

phase transformation drove the remnant polarization from 0.35 C/m2 to zero.   

Figure 4.3.b shows the longitudinal strain vs. hydrostatic pressure. The strain response is similar 

to the electric displacement response.  The strain underwent a jump at the phase transformation.  

As the hydrostatic compressive stress was increased, the strain became increasingly negative.  At 

the phase transformation the strain did an abrupt negative jump of 2500 microstrain.  This 

corresponds to a transformation to the smaller volume antiferroelectric phase.  On unloading, a 

reverse transformation did not take place until the pressure was very close to zero.  Upon 

unloading, the strain returned to zero.  The remnant strain was gone and the material was no 

longer poled.   

A second pressure cycle was run on the pressure depoled specimen and the response was 

considerably different as can be seen in Figure 4.3.b. During the second pressure loading  cycle 

no electrical charge release was detected and the strain behavior was smooth.  The depoled 

specimen underwent a much broader range of non—linear behavior during loading. On 

unloading there was little strain response until the ceramic was depressurized close to zero MPa 

where there was a positive abrupt change of 2500 microstrain. A comparison can be made with 

metal plasticity in which the poled material appears to behave like an elastic—perfectly plastic 

material as it passes through the phase transformation with abrupt hardening as the 

transformation nears completion whereas  the depoled material displays a much more gradual 

transformation beginning at a lower pressure level.  
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a. b.  

Figure 4.3 Hydrostatic stress response  of 95—5 PZT:  a) hydrostatic stress—electric displacement  and b) 
hydrostatic stress—transverse strain . 

 

4.5.2 Electric displacement—electric field vs. hydrostatic pressure  
Large field dielectric permittivity was measured as a function of electric field amplitude and 

pressure.  The dielectric behavior of PZT is often described in terms of a low field dielectric 

permittivity and a loss tangent (tangent delta).  Large field dielectric behavior is not as readily 

defined by a single slope and a tangent delta.  The tan delta description models the minor loop as 

a perfect ellipse.  Rayleigh behavior can produce a better fit to measured data by using different 

polynomial functions for the increasing and decreasing portions of the curves, but both of these 

approaches are approximations of the large field behavior.   In this work, two slopes are used.  

The initial slope is taken near zero electric field and the final slope near the peak field.  The final 

slope can be significantly larger than the initial slope if the field is inducing either domain wall 

motion or phase boundary motion in a manner that contributes to changes in the electric 

displacement.  Figure 4.4 shows how dielectric permittivity was defined, with the lower slope 

being called the “initial permittivity” and the higher slope being called the “large field 

permittivity”.  These are non-standard definitions.  The initial permittivity is closer to the values 

obtained using an LCR meter or impedance analyzer.  This value has a smaller contribution from 
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domain wall motion and possibly phase transformation.  It is also similar in value to the slope 

found at the start of unloading where, again, there is less domain wall motion.   

 

Figure 4.4 Dielectric permittivity is defined for low field and high field as shown. 

Unipolar electric field was cycled at a series of increasing amplitudes and the amplitude of the 

applied field was observed to affect the large field permittivity.  Figure 4.5 shows the effect of 

field amplitude on the minor hysteresis loops. If the field is further increased beyond 1MV/m, 

saturation effects begin to cause the slope of the increasing electric field portion of the curve to 

fall.  The slopes used to develop plots of large field permittivity vs. pressure were taken at 0.8 

MV/m.  This is close to the inflection point in the rising part of the minor hysteresis loops when 

they are run to saturation field levels. 
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Figure 4.5 Effect of field amplitude on permittivity. 

The effect of pressure on the minor D—E loops is seen in Figure 4.6.  Note that all of the 

hysteresis loops were set to start at zero rather than at the remnant polarization values.  As the 

pressure was increased, the hysteresis loops became increasingly open right up to the phase 

transformation pressure.  Above the phase transformation pressure the hysteresis decreased and 

the slope of the D—E loops dropped. These observations can be explained in terms of domain 

wall and phase boundary motion.  As the pressure approached the transformation pressure, the 

hydrostatic stress decreased the remnant polarization, but the electric field brought the material 

back to the saturation polarization value. This opened up the minor hysteresis loops.  It is not 

clear if this is the result of domain wall motion or a small amount of forward and reverse FE—

AFE phase transformation contributing an additional component to the polarization change. The 

latter is the more likely contributor because domain wall motion is driven by deviatoric stress 

and phase nucleation and phase boundary motion are driven by hydrostatic stress.  It is possible 

that the hydrostatic stress generates local deviatoric intergranular stress components due to 

material anisotropy. 
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Figure 4.6 Effect of pressure on unipolar minor hysteresis loops. 

The relative permittivity as a function of compressive hydrostatic stress is summarized in Table 

4-1 and plotted in Figure 4.7.  Figure 4.7.a shows the initial permittivity and Figure 4.7.b shows 

the large—field permittivity as a function of pressure.  Both plots display a clear drop in 

permittivity at the phase transformation pressure. 

Table 4-1.  Dielectric permittivity as a function of hydrostatic pressure 

Pressure 
(MPa) 

(Increasing) 

Initial 
Permittivity 

Large—field 
Permittivity 

0.00 305.08 1118.64 

73.08 384.18 1197.74 

140.65 418.08 1209.04 

207.53 406.78 1242.94 

285.44 395.48 1288.14 

349.56 384.18 1401.13 

363.35 384.18 1457.63 

373.70 271.19 621.47 

378.52 282.49 463.28 
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432.30 259.89 384.18 

484.01 248.59 350.28 

552.96 237.29 327.68 

 

a)  

b)  

Figure 4.7. Effect of hydrostatic pressure a) on small field permittivity and b) on large field permittivity 

4.6 Discussion 
The FE—AFE transformation in 95—5 PZT is coupled to both stress and electric field. Field 

driven phase transformations in ferroelectric materials involve the driving forces of stress, 

electric field, and temperature.  The work conjugate response variables to these driving forces are 

strain, electric displacement, and entropy.  If the phase transformation involves a strain change, it 
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can be driven by stress; and if the phase transformation involves an electric displacement change, 

it can be driven by electric field. Temperature changes both the strain and the polarization and 

affects the stress and electric field driving forces necessary to drive the transformation.   

In the case of 95—5 PZT, the ferroelectric high temperature phase has larger volume than the 

ferroelectric low temperature phase, which in turn has larger volume than the antiferroelectric 

phase.  The work that is done during a phase transformation that takes place at a constant level of 

stress, electric field, and temperature is given by equation 4—1. 

ij ij m mw E D T Sα β α β α βσ ε → → →= ∆ + ∆ + ∆
  4—1 

where alpha is the initial phase and beta is the final phase.   

The first term is the mechanical work.  The mechanical work done during the transformation 

under hydrostatic stress loading can be expressed as the product of the hydrostatic stress 

1
3h kkσ σ=

which is the negative of the pressure, and the volume change 0
kk

v
v

ε∆
=

.  The second 

term is the electrical work.  The polarization change going from the poled ferroelectric state to 

the unpoled antiferroelectric state is negative whereas an electric field applied in the polarization 

direction or an electric field generated by the pressure due to a non-zero impedance connecting 

the electrodes is positive (open circuit or a resistive connection that enables a voltage to build 

up).  The electrical term will therefore hinder the phase transformation.  The third term, 

temperature and entropy, will also affect the transformation behavior.  As the material is heated, 

lattice vibrations increase.  This drives the material toward larger volume states.  The result is 

that the pressure necessary to drive the phase transformation increases with temperature. 
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In summary, pressure drives transformations from FER
HT to FER

LT to AFEO, electric field drives 

the transformation from AFEO to FR
LT and, if FR

HT has a larger polarization than FRLT it will 

drive the system from FRLT to FRHT.  Temperature will drive the system in the opposite direction 

of pressure.  This is consistent with the observation that each of the boundaries in the 

temperature—pressure phase diagram shown in Figure 4.1.b slope up and to the right.   

Consideration of the electrical, mechanical, and thermal driving forces gives some insight into 

the large field D—E behavior as a function of pressure.  The pressure is pushing the material 

toward the AFE phase while the electric field is pushing the material toward the FE phase.  As 

the pressure is increased but below the transition pressure, the minor hysteresis loops open up. 

The increased hysteresis may be related to the beginning of the phase transformation process 

possibly combined with enhanced domain wall motion.   

In pulsed power applications, the pressure induced FE—AFE phase transformation behavior of 

95—5 PZT is used to harvest energy from pressure. The voltage, electrical energy, and power 

that can be generated depend on the initial remnant polarization of the ferroelectric phase, the 

transformation stress, and the large field dielectric properties of the antiferroelectric phase.  The 

voltage, electrical energy, and power can be calculated using equations from electrostatics. 

Equation 4—2 gives the relationship between electric displacement and surface charge, 

n
QD
A

=
   4—2 

where nD  is the jump in the normal component or electric displacement at the electrode and 

/Q A  is the surface charge density on the electrode.  The normal component of electric 

displacement in a ferroelectric with remnant polarization is given by Equation 4—3. 
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( )0ˆ ˆr
nD D n E P nε= = +   4—3 

where n̂  is a unit vector normal to the surface, 0ε  is the permittivity of free space, E  is the 

electric field vector, 
rP  is the remnant polarization vector, and the dot represents the scalar 

product operation.  When the material displays remnant polarization, and the normal component 

of remnant polarization is balanced by a surface charge density on the electrodes, equilibrium 

occurs at zero electric field.  When a phase transformation takes place from the ferroelectric 

phase to the antiferroelectric phase, an electric field is induced.  This is seen by replacing 
rP  in 

Equation 4—3with a term Eχ  where the function ( )Eχ χ=  can be a non—linear function of 

electric field. If we approximate χ  as a constant, we obtain Equation 4—4 for the 

antiferroelectric phase, 

AF
n

QE
A

ε =
 4—4 

where 
AFε  is the dielectric permittivity of the antiferroelectric phase. If the material is 

compressed in an open circuit configuration, the surface charge from the ferroelectric state 

becomes free charge on the electrodes with a resulting high electric field. The magnitude of the 

electric field depends on the dielectric permittivity of the antiferroelectric phase, with smaller 

values giving larger electric fields. If the material is in a parallel plate capacitor configuration, a 

large voltage will be generated.  The magnitude of the voltage can be calculated using the 

definition of electric field as the negative gradient of the electric potential (voltage divided by 

distance between electrodes) and the relationship between the remnant polarization of the 

ferroelectric phase and the free surface charge density of the antiferroelectric phase.  The 

induced voltage is given by Equation 4—5, 
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r

AF AF

P tQtV
Aε ε

= =
 4—5 

A parallel plate capacitor with this voltage has a capacitance given by Equation 4—6, 

AF AC
t

ε
=

 4—6 

that can be discharged into a circuit.  The energy stored in this capacitor, if it is assumed to be 

linear, is given by 

21 1
2 2

r

AF
P vQVψ
ε

= =
 where v  is the volume of material, and the power 

generated when the material is discharged in time t  can be approximated as the stored energy 

divided by time. Note that in an RC circuit the current exponentially decays and thus the power 

is a function of time. 

In practice, energy densities and power densities of this magnitude are not achieved.  There are at 

least two limitations.  The first is the dielectric breakdown strength of the material, usually on the 

order of 70 to 90 kV/cm.  The second is material non-linearity.  Large electric field stabilizes the 

ferroelectric phase, thus the dielectric constant measured at 1 MV/m may increase in a non-linear 

fashion with higher electric field.  This would decrease the induced voltage. 

4.7 Conclusions 
Large field dielectric permittivity has been measured for 95—5 PZT and shown to be a clear 

indicator of phase transformation pressures.  As the pressure is increased, the large field 

permittivity increases, then abruptly falls when the transformation pressure is reached.  Above 

the transformation pressure, there is still an open minor hysteresis loop.  This area within the 

loop decreases as the pressure is further increased.  As the pressure is decreased, a reverse 

transformation takes place. This occurs near zero pressure.  The large field permittivity of the AF 
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phase is needed for energy harvesting calculations.  The energy harvesting calculations indicate 

this material can produce approximately 20 MJ/m3 through pressure depolarization, but 

experience indicates only about 1 MJ/m3 is realized in practice. 
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Chapter 5  

 Coupled effects of temperature, hydrostatic pressure and bipolar 
electric field on the FE—AFE—FE phase transformation in 95—5 

PZT 
 

5.1  Overview 
This Chapter reports on the combined effects of pressure, electric field, and temperature on the 

FE—AFE—FE phase transformation when a bipolar electric field is in excess of the coercive 

field. Specimens of 95—5 PZT were subjected to combined hydrostatic stress, temperature and 

bipolar electric field loading. Temperature was held constant during the pressure and electric 

field cycles. Temperature was incremented from room temperature to 125ºC at steps of 25ºC. 

Pressure was varied from zero to 550 MPa at a constant rate of 50 MPa/min in short circuit 

conditions and held at fixed pressure levels while the electric field was cycled from negative 5 to 

positive 5 MV/m.  The results are used to assess the effects of combined stress, temperature, and 

electric field on the phase transformation.  

5.2 Background 
Most prior work under high hydrostatic pressure has used small electric field levels to measure 

changes in dielectric permittivity. Recent work of Hall et. al. performed neutron diffraction 

studies to determine the effect of a constant electric field at 1 MV/m on the volume fraction of 

the AFE phase as a function of hydrostatic pressure [80]. Yang [81] developed a martensitic—

type approach in tin modified lead zirconate titanate to explain field—induced and field—

assisted transformation from AFE—FE—AFE behavior in regions of thermal hysteresis. 
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Berlincourt et. el. [1] discussed the effects of substitution of small amounts of Sn+4 for Ti+4, the 

substitution of La+3 for Pb+2, and the effect of Nb+5 for Zr+4 and Ti+4.  The donor dopants were 

used to increase resistivity, with Nb favoring the ferroelectric phase and La favoring the 

antiferroelectric phase. The phase diagrams that show the effect of pressure on the FE—AFE 

transformation were developed by measuring changes in dielectric permittivity. Berlincourt et. 

al. discussed the possible application of the FE—AFE phase transformation to the conversion of 

pressure energy to electrical energy.   

Hall et. al. [80] studied the effect of electric field and induced porosity on the FE—AFE forward 

and reverse phase transformation using neutron diffraction.  Ratios of the diffraction peaks gave 

direct measurements of the volume fraction of the AFE orthorhombic phase. Their discussion of 

the external electrical and mechanical work as driving forces for the phase transformation were 

similar to the criterion for transformations between variants of a single phase proposed by 

Hwang et. al. [30]. 

5.3 Specimen preparation 
95—5 PZT plate specimens were provided by TRS Technologies. Specimens were cut to 

dimensions of 0.25x10x10 mm.  Fired on silver electrodes were applied to the 10x10 mm faces.   

5.4 Experimental arrangement 
The experimental arrangement is shown in Figure 3.1. The same experimental set up described in 

Chapter 3 was used to carry out bipolar electrical loading under hydrostatic pressure and 

temperature. The electric field applied was ±3 MV/m on 0.5 mm or ±5 MV/m on 0.25 mm thick 

specimens. The electric field frequency was 0.04 or 0.4 Hz. A high impedance electrometer was 

used to measure the electric displacement.   
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5.5 Bipolar electrical loading in the hydrostatic chamber  

5.5.1 Experiments at room temperature 
At room temperature, pressure was increased in increments from zero to 550 MPa at a rate of 50 

MPa/min. At hydrostatic pressure increments of 44 MPa, electric field cycles of frequency 0.04 

Hz were run. Resulting D—E major hysteresis loops were recorded. There was a time difference 

of approximately 4 min between each electric field cycle.  Small increments of temperature were 

detected by the thermocouple during pumping fluid to the chamber and temperature decrements 

when depressurizing the chamber. The total pressure induced temperature difference during 

experimentation never exceeded 4º C. During increasing pressure the temperature increased and 

returned to room temperature when the chamber was depressurized.  

5.5.2 Experiments at high temperature. 
Temperature was increased from room temperature to 125 ºC in increments of 25 ºC. 

Temperature was held constant during each pressure and electric cycle. At every stationary 

temperature, the pressure was increased in steps from zero to 550 MPa at a rate of 50 MPa/min. 

At pressure increments of 44 MPa, 2 electric field cycles at 1 Hz were run. Resulting D—E 

major hysteresis loops were recorded at each pressure and temperature cycle. Overall there was a 

time difference of approximately 4 min between each stationary pressure. Small variations of 

temperature between each pressure level resulted mainly from the friction generated during 

pumping fluid to the chamber or from the Joule effect when depressurizing the chamber, the total 

temperature difference during experimentation never exceeded 3C.  
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5.6 Experimental results 

5.6.1 Bipolar electrical loading in the hydrostatic chamber at room 
temperature 

At room temperature the pressure was increased in steps, held constant while D—E loops were 

run, then increased. Figure 5.1 shows the resulting sequence of bipolar D—E hysteresis loops 

taken at increasing hydrostatic pressure levels. Figure 5.1.a shows the electric displacement as a 

function of both electric field and hydrostatic pressure, and Figure 5.1.b shows the electric 

displacement as a function of electric field. At low pressure the D—E loops are characteristic of 

ferroelectric materials with open loops.  At high pressure, just above the transformation pressure, 

the area within the loops closes and the material response becomes linear dielectric. 

 

Figure 5.1.a) Bipolar D—E hysteresis loops measured as the pressure was increased and b) the same loops shown 
looking down the pressure axis. 

 

The hysteresis loop taken at 320 MPa just below the transition pressure (330 MPa at zero electric 

field) is seen in Figure 5.2. This loop begins in the FE phase at smaller electric displacement than 

the remnant.  As the electric field is increased, the polarization reduces dramatically, indicating 

an electric field induced transformation from the FE to the AFE phase. Upon unloading the 

electric field, the material remains in the AFE phase. This atypical behavior could be explained 
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as an metastability of the FE phase such that at this pressure the applied field drives it to the 

stable phase AFE phase. 

 

Figure 5.2. D—E hysteresis loops at 320 MPa as the pressure is increased, just below the transformation pressure 

Bipolar D—E hysteresis loops were measured as the pressure was decreased. Figure 5.3.a, shows 

the hysteresis loops measured at fixed pressure decrements as the pressure was decreased from 

well above the FE—AFE transition pressure and Figure 5.3.b shows the hysteresis loops looking 

down the pressure axis.  The first open hysteresis loop at 102 MPa is shown in Figure 5.4. The 

specimen starts in the antiferroelectric phase and is driven to the ferroelectric phase by the 

electric field. The electric field necessary for the transformation is 2.6 MV/m.  

 

a)      b) 

Figure 5.3.a) D—E hysteresis loops taken as a function of pressure as the pressure is decreased and b) the same 
loops shown looking down the pressure axis. 
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Figure 5.4. D—E hysteresis loops at 102 MPa as the pressure is decreased, electric field drives a transformation 
from AFE to FE phase. 

5.6.2 Bipolar electrical loading in the hydrostatic chamber at high 
temperature 

At every stationary temperature field the pressure was increased in steps, held constant while 

D—E loops were run, then increased another pressure step. Figure 5.5, Figure 5.6 and Figure 5.7 

show the resulting sequence of bipolar D—E hysteresis loops taken at increasing hydrostatic 

pressure levels at 50ºC. Figure 5.5.a shows the electric displacement as a function of both 

electric field and hydrostatic pressure, and Figure 5.5.b shows the electric displacement as a 

function of electric field for the same set of experiments. At low pressure the D—E loops are 

characteristic of ferroelectric materials with open loops. At high pressure beyond the transition 

pressure the D—E loops are linear dielectric. Between the FE phase at low pressure and the AFE 

phase at high pressure there is a  transition region in which the FE and AFE phases compete 

thermodynamically under the influence of the electric field. 
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a)      b) 

Figure 5.5.a) Bipolar D—E hysteresis loops measured as the pressure was increased at T=50ºC and b) the same 
loops shown looking down the pressure axis. Temperature 50º C. 

Figure 5.6.a shows the transition region between FE and AFE phases as the pressure is increase 

at 50⁰ C and Figure 5.6.b depicts the D—E loop at 365 MPa at 50⁰C. This particular D—E loop 

shows a double hysteresis loop typical of an antiferroelectric material under the action of an 

electric field. Increasing the pressure results in a linear dielectric response to  the electric field. 

 

 

Figure 5.6.a) Bipolar D—E hysteresis loops measured as the pressure was increased at T=50º C. Transition region. 
b) Bipolar D—E hysteresis loop measured as the pressure was increased at T=50º C and p=365MPa. 

Figure 5.7.a) and b) show the response of the material as the pressure is decreased. The pressure 

hysteresis region is noticeable once the specimen is fully in an AFE phase. It is possible to 

transform it to the FE phase at 316 MPa under -5MV/m.  During increasing pressure typical 

ferroelectric D—E loops can be obtained at pressures below 350 MPa. Figure 5.8 depicts the 
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D—E loop during decreasing pressure at the AFE—FE transition. The negative electric field 

triggers the transition for this specific specimen.  

 

 

a)      b) 

Figure 5.7.a) Bipolar D—E hysteresis loops measured as the pressure was decreased and b) the same loops shown 
looking down the pressure axis. Temperature 50º C. 

 

Figure 5.8. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=50º C and p=316MPa. 

Figure 5.9 shows the D—E loop specimen response under hydrostatic pressure at 100C. As the 

temperature is increased the double hysteresis loop occurs at lower pressure. The distinct double 

behavior appears to be associated with the forward and reverse transformation lines in the 

temperature—pressure phase diagram moving closer together as seen in  Figure 4.1.b.  
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Figure 5.9.a) Bipolar D—E hysteresis loops measured as the pressure was increased and b) the same loop shown 
looking down the pressure axis. Temperature 100º C. 

At 451 MPa the 5MV/m applied electric field is no longer able to enforce the AFE—FE 

transition and the specimen response is linear dielectric (see Figure 5.10). At 495Mpa a different 

D—E loop appears indicating that an AFE—AFE transformations has occurred. This 

transformation could corresponds to the AFE—tetragonal to AFE—orthorhombic reported by 

Fritz [21] for high temperature. 

 

Figure 5.10-a) Bipolar D—E hysteresis loops measured as the pressure was increased at T=100º C. Transition 
region. b) Bipolar D—E loop measured as the pressure was increased at T=100º C,  p=451 and 495Mpa. 

. 

Figure 5.11 shows D—E loops in the AFE—FE transition region as pressure was increased at 

125C. As pressure increases the electric field necessary to induce the AFE—FE transition also 

increases. It can be seen that the area inside the loop decreases as pressure increases indicating 

that the transformation is more efficient. At 125C no negative electric field is necessary to induce 

a reverse transition to FE phase. 
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Figure 5.11. Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. Transition region. 

Figure 5.12 and Figure 5.13 depict D—E loops at different temperatures at fixed values of 

pressure. For these plots the temperature was fixed and D—E loops were run at different 

pressures.  The temperature was increased and the procedure was repeated. Figure 5.12 shows 

the D—E loops at 350 MPa at different temperature set points. As the temperature is increased 

the FE phase can be driven by the same electric field magnitude from the AFE phase. Figure 

5.13.a shows the D—E loops at 385 MPa at 30, 75 and 125C. The field—induced AFE—FE 

transformation is reduced as temperature increases and the area inside the loop is reduced as 

well. Figure 5.12.b depicts D—E loops at 485 Mpa for 30, 100 and 125C. It can be seem the 

AFE—rhombohedral to AFE—tetragonal phase transition between100 and 125C. Considerable 

changes in dielectric constant usually characterized phase transition. 

 

Figure 5.12. Bipolar D—E hysteresis loops measured at 350 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 
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Figure 5.13.a) Bipolar D—E hysteresis loops measured at 385 MPa pressure at different temperatures: 30, 75 and 
125º C. b) . Bipolar D—E hysteresis loops measured at 485 MPa pressure at different temperatures: 30, 50, 75, 100 

and 125º C. 

 

The results shown in Figure 5.10.b and Figure 5.13 were not anticipated and not reported in any 

previous work.  The pressure drives the material to the AFE phase, but as the temperature is 

increased there seems to be a component of polarizability re—appearing.  Figure 5.10.b shows 

that the material transforms to the AFE phase at 450 MPa and displays almost no polarizability, 

yet as the pressure is increased to 495 MPa, a component of increased polarization in response to 

electric field appears.  This could be the opening up of double loop behavior.  In shock 

depolarization experiments it has been observed that if the material is driven to pressures well 

above the FE—AFE transition pressure, the output voltage and current drop off. This could be 

the result of a high pressure phase in which the electric field more easily drives the material to a 

polar phase. 

5.7 Discussion 
Effects of the FE—AFE and the AFE—FE phase transformations are apparent in the D—E 

hysteresis loops with the FE loops being open and displaying remnant polarization and the AFE 

loops being closed and displaying no remnant polarization. Figure 5.2 shows one particular 

hysteresis loop at 320 MPa on the increasing pressure cycle in which the pressure is just below 
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the transformation pressure. At this pressure the electric field was able to induce FE—AFE 

transformation and upon removal of the electric field the AFE phase remained. The hydrostatic 

pressure favored the AFE phase and a smaller volume than the FE phase. Figure 5.4 shows the 

first opened D—E loop when decreasing pressure. At the AFE—FE transformation, the 

transformation pressure has been shifted from zero MPa with no electric field applied to 102 

MPa driven by the electric field. The electric field necessary to trigger the transformation at this 

pressure was 2.6 MV/m. Note that the coercive field at zero pressure is about 1.3 MV/m. On the 

other hand, the electric field necessary to pole the specimen when previously depoled by 

hydrostatic pressure is 1 MV/m (see Figure 5.14).  

Further experiments under hydrostatic pressure showed that the electric field to trigger the 

AFE—FE phase transition from pressure depoled specimens in the AFE phase behaves linearly 

with pressure. As the pressure is decreased the electric field—induced transition is decreased as 

well (see Figure 5.14.b). This result gives a quantification of the electric field necessary to drive 

the first—order AFE to FE transformation for the 95—5 PZT under hydrostatic pressure 

resulting in a pressure hysteresis behavior. Polarizing the FE phase by application of a large 

electric field appears to have a locking effect on the FE phase, possibly taking the material from 

a metastable AFE phase to a stable FE phase.  The pressure—strain and pressure—electric 

displacement behavior of the poled vs. the unpoled material is shown in Figure 4.3.  When the 

material is fully ferroelectric (poled), a higher pressure is required to begin the FE—AFE 

transformation whereas on the second pressure cycle (unpoled specimen) the transformation 

takes place starting at a much lower pressure. In the first case the transformation from FE to AFE 

appeared spontaneously at 330 MPa and there was a jump in strains therefore in volume to an 

smaller one, also the electric displacement went to zero. These discontinuities are characteristic 
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of first—order phase transformation produced by the existence of an energy barrier from a 

metastable region before the transformation occurs. In the second case, second pressure cycle, 

changes in the FE—AFE transformation are smooth in strains and volume change, there is no 

charge released at the transformation, on the other hand at AFE—FE transformation there was a 

jump in strains therefore in volume close to zero pressure. The poling process effect in the 

ferroelectric material is the formation of ordered domains, and adding the fact that an energy 

barrier is present before FE—AFE transformation, therefore a nucleation and growth 

phenomenon is the mechanism that can explain this behavior. The polarization process removes 

any residual AFE nucleation sites. A high pressure is required to provide nucleation energy for 

the FE—AFE transformation and, once the AFE nucleation sites are present, the transformation 

is driven to near completion by the pressure.  The strain in both the initial cycle and the 

subsequent cycle begin at the remnant strain value of -660 microstrain.  This suggests that the 

remnant strain is maintained through the FE—AFE—FE transformation. 

a.  b.  

Figure 5.14.a) D—E loop of  95—5 PZT showing the AFE to FE transformation electric field is only 1 MV/m, on 
the other hand the coercive field to switch ferroelectric domains is 1.3 MV/m. b) AFE to FE transformation field as 

a function of hydrostatic pressure. 

 

In the first cycle the material displays behavior similar to elastic—perfectly plastic— locking 

behavior whereas in the second cycle there is a successive softening, inflection point, then 
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hardening behavior during the FE—AFE transformation. The observed elimination of remnant 

polarization for the FE phase during the second cycle suggests equal volume fractions of each of 

the eight possible rhombohedral variants in the FE phase. A constitutive law is constructed using 

this information. 

The volume average strain of the unpoled ferroelectric material at zero stress is defined as the 

zero strain state.  There are three contributions to strain as the pressure is increased:  the elastic 

response of each phase (bulk modulus), changes of remnant strain, and the volume reduction that 

takes place during the phase transformation.  This enables writing a constitutive law for each 

phase as 

1
3

FE FE FEr
ij ijkl kl ij kij k

AFE AFE tr AFEr
ij ijkl kl v ij ij

s d E

s

ε σ ε

ε σ ε δ ε

= + +

= − +
 5—1 

where the superscripts FE and AFE represent the ferroelectric and antiferroelectric phases 

respectively, the "r" term represents the remnant strain term associated with the material being 

electrically or mechanically polarized, d is the piezoelectric coefficient of the ferroelectric phase, 

and 
tr
vε is the relative volume change during the phase transformation. 

The data in Figure 4.3.b were measured under short circuit loading conditions (E=0), and with 

only hydrostatic stress present (
1
3h kkσ σ=

), equation 5—1 is thus reduced to equation 5—2 to 

describe the observed behavior, 

11 11

11 11 11

FE FE FEr
h

AFE AFE AFEr tr
h

M

M

ε σ ε

ε σ ε ε

= +

= + −    5—2 
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where MFE and MAFE are the slopes of the strain vs. hydrostatic stress curves of the ferroelectric 

and antiferroelectric phases respectively. These are related to the elastic constants by 

1111 1122 1133
FE FE FE FEM s s s= + +  and 1111 1122 1133

AFE AFE AFE AFEM s s s= + + , and the measured transformation strain 

from Figure 4.3.b was 11 0.0025trε = . 

For a two phase mixture, the behavior is written as the weighted average of the behavior of the 

constituents.  The volume average strain is written in terms of the volume fraction of each phase 

present  

( )( )( ) ( )( )11 11 11 111Total FE FEr AFE AFEr tr
h h h hf M f Mε σ σ ε σ σ ε ε= − + + + −

  5—3 

where ( )hf σ is the volume fraction of the AFE phase written as a function of the hydrostatic 

pressure.  A functional dependence of f on the hydrostatic stress can be determined from the data 

of Figure 4.3.b for the first and subsequent cycles and from the work of Hall. Neutron scattering 

work on the FE to AFE transformation has produced direct measurements of the volume fraction 

of each phase during uniaxial and hydrostatic loading [80]. 

For the first cycle, f is approximated as a unit step function of value zero until the transformation 

threshold is reached and one once the threshold is reached.  Once the transformation threshold 

has been reached, f  jumps to the value of the second cycle f2nd at that stress.  In Macaulay 

bracket notation, 

( ) ( ) 02nd N
h h h hf fσ σ σ σ= −

 5—4 

where the argument of ⋅  takes the value of zero when it is negative and the value of its 

argument when it is greater than zero and 
N
hσ  is the transformation (possibly nucleation 
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controlled) threshold hydrostatic stress for a poled ferroelectric material. What is not observable 

from Figure 4.3.b is that the forward and reverse transformations are rate dependent.  When the 

driving force is just above the FE—AFE transformation threshold on the first cycle, the 

transformation takes several seconds.  On unload to zero stress, the AFE—FE transformation 

initially proceeds in minutes but takes hours to complete.  The time dependence was observed 

but not measured.  It is suspected that this is a logarithmic decay similar to aging effects of the 

piezoelectric coefficients.  When the FE—AFE transformation is over driven it occurs within 

shock transition times (sub microsecond). 

The unloading cycle does not appear to have a locking behavior as does the loading cycle.  The 

rate dependence of the FE—AFE transformation allows running an unloading cycle when the 

material is only partially transformed.  This is shown in Figure 5.15.  Here an attempt was made 

to unload before the transformation was complete.  The unloading tracked parallel to unloading 

from a significantly higher pressure.  It does not appear that the AFE phase displays the same 

locking behavior as the FE phase wherein there is a transformation that begins at a threshold 

hydrostatic stress level and progresses to near completion at that same stress level.   

 



 

67 
 

Figure 5.15The effect of running an unload - reload cycle when the material is partially transformed indicates that 
the unloading follows the same behavior. 

Equations (3) and (4) have some noted limitations.  They do not govern the unloading behavior 

and they do not include effects of electric field on the transformation.  A separate function is 

required governing the unloading cycle.  This can be obtained by curve fitting the unload 

behavior when the volume fraction of AFE is f=1 and a procedure similar to that used in 

developing equations (3) and (4) could be used.  A reverse transformation threshold stress can be 

identified, but the observed rate dependence of the reverse transformation requires further 

attention to characterization of the time dependent behavior and a model with viscous terms. 

Pressure drives the phase transformation from the FE phase to the AFE phase and electric field 

drives the material from the AFE to the FE phase.  The mechanical work done during the FE—

AFE phase transformation under hydrostatic stress loading can be expressed as the product of the 

hydrostatic stress 
1
3h kkσ σ=

which is the negative of the pressure, and the volume change 

0
kk

v
v

ε∆
=

.  The electrical work done is the electric field multiplied by the polarization change. 

This approach could be used to determine an electric field contribution to the driving forces for 

transformation, but again, strong rate dependence on unloading makes it difficult to determine 

the individual contributions of the electrical and mechanical driving force terms without further 

experiments to fully characterize the time dependent behavior. 

Experiments were carried out at a slow rate pressure and at room temperature. Temperature 

changes measured were less than 5C degrees overall, no high temperature gradients were 

detected. Isothermal conditions could applied to the set of experiments at room temperature, 

therefore thermal stability did not play a role in this discussion 
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The resulting hysteresis loops at room temperature were open D shape at low pressure, 

characteristic of soft ferroelectric PZT, but collapsed to nearly linear dielectric behavior above 

the FE—AFE phase transformation pressure. Electric field poling was observed to drive the 

material to the AFE state when it was applied just below the FE—AFE transformation pressure, 

and raising the pressure above the FE—AFE transformation pressure was observed to lock the 

material in the AFE state. On the other hand, when the driving pressure was decreased in discrete 

steps and the electric field was applied the AFE—FE transformation pressure was notably lower 

than that of the increasing case, this is therefore a clear evidence of a pressure—hysteresis 

region. 

5.8 Conclusions 
Experimental results were presented for full D vs. E loops vs. pressure. Special attention was 

paid to the interaction of large electric field with the FE—AFE—FE transformation. Previous 

works on 95—5 PZT with electric field involved used small electric fields usually in the voltage 

range of one volt. For large field measurements the electric field becomes a significant driving 

force for the phase transformation. A pressure hysteresis region was detected  in the FE—AFE—

FE transformation. This hysteresis region is produced by a energy barrier associated with a 

metastable zone before the transformation occurs. Electric field assists the FE—AFE as well as 

AFE—FE transformations shifting the transformation pressure during increasing and decreasing 

pressure thus shortening the hysteresis pressure region. A constitutive law has been developed 

governing the material behavior during the FE—AFE phase transformation. It consist of a phase 

volume fraction weighting of the strain contribution from elastic, piezoelectric, remnant and 

transformation strains.  
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Chapter 6  

 Modifying the response of 95—5 PZT to pressure using dopants, and 
a comparison with the pressure response of other ferroelectric 

materials 

6.1 Overview 
This chapter presents the experimental characterization of multiple PZT compositions that 

undergo a hydrostatic induced FE—AFE phase transformation with the goal of identifying the 

composition with the largest remnant polarization in the F phase and the smallest large field 

permittivity in the AFE phase.  Most of the compositions are based on 95—5 PZT but have other 

materials added to determine the effect on the remnant polarization (charge density released by 

hydrostatic pressure) and on the transformation pressure. 

Materials that do not undergo a hydrostatic pressure induced phase transformation can be 

depolarized by a uniaxial strain compressive stress shock wave. The hydrostatic compressive 

component drives FE—AFE depolarization through volume reduction and the deviatoric 

component drives depolarization through a shear effect as occurs through ferroelastic switching 

between crystal variants or phases of the same volume.  Purely hydrostatic loading gives 

information about the phase transformation that can be correlated with the phase transformation 

response measured under dynamic loading.  The experimental study presented in this chapter 

enables an evaluation of the effect of hydrostatic loading from zero to 550 MPa on the 

depolarization response of eleven different ferroelectric materials and compositions. These 

include several Nb—95—5 PZT based compositions with different dopants added and several 

other ferroelectric materials. The results of this work indicate that the FE—AFE transformation 

pressure in the Nb—95—5 PZT compositions can be shifted significantly with the addition of 
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other dopants, and that ferroelectric compositions that do not undergo the FE—AFE phase 

transformations do not undergo depolarization in response to hydrostatic pressure in the range 

tested. 

6.2 Background 
Compositional modifications are well known to affect the FE—AFE phase transformation in 

95—5 PZT, and changing the PZ:PT ratio also has significant effects on the mateiral behavior.  

A literature review discussing La and Nb substitution was presented in Chapter 5, and the 

composition - temperature phase diagram was discussed in Chapter 3. 

The composition—temperature phase diagram of PZT adapted from Jaffe et. al. [17] is shown 

again in Figure 6.1.a. The vertical line indicates the 95—5 PZT composition.  This composition 

is very near the FE—AFE morphotropic boundary at room temperature.  The Fritz et. al. 

pressure—temperature phase diagram for 2Nb 95—5 PZT (2—95—5 NbPZT) is shown again in 

Figure 6.1.b.   

The FE—AFE transformation in 95—5 PZT involves a combination of rotation and tilting of the 

oxygen octohedra that results in a volume reduction in the crystal structure.  This volume 

reduction is driven by hydrostatic pressure.  The early work of Berlincourt pointed out that the 

addition of La favors the antiferroelectric phase and the addition of Nb favors the ferroelectric 

phase.  This would have the effect of shifting the phase boundaries in Figure 6.2.b to the right 

with La substitution and to the left with Nb substitution.  
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a) b)  

Figure 6.1-a.  Composition phase diagram of PZT showing the location of the 95—5 composition in red (from Jaffe, 
Cook, and Jaffe [17]) and b. Temperature—Pressure phase diagram of 2—95—5 NbPZT adapted from Fritz [47] 

with the solid lines indicating the forward transformation and the dashed lines indicating the reverse transformation. 

Lanthanum is a donor dopant in PZT with  substitution on sites giving rise to defects 

of the type , where the dot indicates a single positive excess charge and the subscript 

indicates the site that the substitution ion occupies.  Each two excess positive charges are 

compensated by a lead site vacancy , where the two primes indicate two negative charges 

associated with the vacancy [17, 82]. This maintains charge neutrality in the crystal.  The defect 

structure associated with La substitution on a Pb site is - - , with the La ion being 

slightly smaller than the Pb ion it replaced.   

The work discussed in the following sections focuses on the ability to shift the forward and 

reverse transformation hydrostatic pressures shown in Figure 6.1.b through the addition of 

various dopants to 95—5 PZT, and a comparison of this depolarization behavior with that of 

other ferroelectric compositions.   

+3La +2Pb

•
PbLa

''
PbV

•
PbLa ''

PbV •
PbLa
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6.3 Specimen preparation 
Specimens were prepared through a solid oxide route by TRS Technologies and provided for this 

work. Different dopants were added to determine their effect on the remnant polarization and on 

the FE—AFE transformation pressure.  Prior to pressure depolarization, measurements were 

made of the remnant polarization, the coercive field, the dielectric permittivity, and the 

piezoelectric coefficient d33. The compositions and a summary of a preliminary characterization 

of the specimens appear in Table 6-1. 

Table 6-1 Preliminary characterization of specimens prior to hydrostatic pressure characterization. 

  
Pr (µC/cm2) Ec (kV/cm) 

 
K (1kHz) D (1kHz) 

 
d33 

(pC/N) 

PYNT: Pb(Yb1/2Nb1/2)O3-PbTiO3 - 
 

1 
 

38.34 31.16 
 

591 0.009880 
 

155 

2 
 

38.28 28.66 
 

653 0.010840 
 

151 

3 
 

39.51 30.85 
 

581 0.008840 
 

139 

4 
 

37.87 29.68 
 

604 0.009750 
 

156 

Pb(Ti,Sm)O3:Mn 
      

1 
 

- - 
 

236 0.010810 
 

44 

2 
 

- - 
 

248 0.010390 
 

46 

PINZ (Batch RB-1002A) 
      

1 
 

39.62 10.82 
 

226 0.020034 
 

68 

2 
 

39.04 10.45 
 

221 0.020083 
 

68 

3 
 

39.17 10.58 
 

218 0.019576 
 

68 

50%(Nb 95/5)-50%(PINZ) (Batch RB-1020) 
     

1 
 

36.45 11.46 
 

259 0.017913 
 

72 

2 
 

36.15 11.37 
 

263 0.019501 
 

73 
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3 
 

37.43 11.33 
 

264 0.018827 
 

73 

Nb 95/5 + BZZ (Batch RB-0953G) 
     

2 
 

39.40 16.29 
 

278 0.020938 
 

69 

3 
 

39.86 16.36 
 

281 0.021143 
 

67 

4 
 

39.66 16.94 
 

283 0.021209 
 

69 

Nb 95/5 + BS (Batch RB-0968H) 
     

2 
 

39.08 13.77 
 

327 0.022658 
 

80 

3 
 

39.11 13.78 
 

332 0.023404 
 

80 

4 
 

39.18 13.57 
 

333 0.022910 
 

81 

Nb  95/5 (Batch #1483) 
      

1 
 

38.28 14.10 
 

293 0.017463 
 

80 

2 
 

39.17 14.62 
 

295 0.020140 
 

80 

3 
 

37.40 14.41 
 

298 0.022149 
 

78 

Nb 95/5 (Batch #1537) 
      

1 
 

38.25 13.79 
 

295 0.020396 
 

81 

2 
 

38.26 14.61 
 

288 0.020335 
 

80 

3 
 

38.20 13.95 
 

286 0.018953 
 

82 

Nb 95/5 (Batch #1540) 
      

1 
 

37.38 14.73 
 

284 0.020284 
 

80 

2 
 

38.64 14.64 
 

284 0.019856 
 

80 

3 
 

37.21 14.06 
 

287 0.020415 
 

81 

Nb 95/5 (Batch #1545) 
      

1 
 

38.29 14.57 
 

294 0.020247 
 

81 

3 
 

37.63 14.75 
 

294 0.021718 
 

80 

4 
 

37.81 14.73 
 

294 0.021198 
 

81 

Nb 95/5 (Batch #1547) 
      



 

74 
 

1 
 

38.02 14.41 
 

294 0.020796 
 

79 

2 
 

38.03 14.70 
 

289 0.020637 
 

82 

3 
 

38.24 13.91 
 

294 0.020772 
 

80 

 

Nb PZT 95—5 = Pb(Zr0.95Ti0.05)xNb(1-x)O3  x<0.04 (TRS Proprietary) 

BZZ = Bi(Zn1/2Zr1/2)O3 

BS = BiScO3 

PINZ = (Proprietary with In, Nb, Zr) 

6.4 Experimental arrangement 
The experimental arrangement is shown in Figure 3.1.  The hydrostatic pressure chamber was 

instrumented for the measurement of electric field, electric displacement, strain, and temperature.  

The temperature can be varied between room temperature and 250C. The pressure can be varied 

between zero and 1.3 GPa. Voltage is applied to the specimen within the chamber and a modified 

Sawyer—Tower circuit is used to monitor changes in electric displacement.  The various 

electrical signals generated are recorded through a digital data acquisition system (DAQ). 

6.5 Experimental results 
Hydrostatic loading was conducted at room temperature under short circuit electrical conditions.  

The electric displacement change during loading was recorded.  The results are plotted in Figure 

6.2 and Figure 6.3.  Figure 6.2 shows a comparison of the electric displacement response of all of 

the compositions that displayed pressure induced depolarization.  This includes the four batches 

of Nb 95—5 PZT, each of the Nb 95—5 batches with additives, and the PINZ.  Each of the plots 

has been shifted so that the initial polarization is at the remnant polarization value and the fully 

depoled state is at zero.  The different batches of Nb 95—5 PZT displayed slightly shifted 

pressure depolarization levels and different charge release. The initial remnant values do not 
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quite match the remnant polarization values measured and reported in Table 6-1 due to some 

aging (logarithmic loss of remnant polarization with time). The largest remnant polarization and 

the largest depolarization pressures were obtained in the compositions closest to 95—5 PZT. The 

differences between the 95—5 compositions are the result of modifying the amount of Nb. 

 

Figure 6.2 Effect of composition on the transformation pressure and charge released.   

Figure 6.3 compares the electric displacement response of the three compositions that did not 

pressure depole with three that did.  It is not clear whether pressure depolarization would occur 

at higher pressures in the PYNT, PT:Sm:Mn, or in the BS materials, but little effect was 

observed over the applied pressure range.  For the materials that did not depole the initial 

remnant polarization was set to the value measured and reported in Table 6-1. 
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Figure 6.3 A comparison of the pressure response of six compositions, three that depoled and three that did not. 

6.6 Discussion 
Table 6-2 summarizes the transformation pressure and the electric displacement change 

associated with the transformation for each of the different compositions.  The results are sorted 

in order of increasing transformation pressure. 
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Table 6-2 Transformation pressure and electric displacement change during the transformation 

Transformation 

Pressure [MPa] 

Composition Name Electric Displacement 

Change [C/m2] 

175.2 BZZ RB-0953G 0.376 

255.5 PINZ-RB-1002A 0.36 

296.8 50%PINZ-50%(95/5) RB-
1020 

0.339 

354.1 Batch 1547 0.364 

368.5 Batch 1545 0.3674 

387.9 Batch 1540 0.338 

402.9 Batch 1537 0.381 

403.4 Batch 1483 0.395 

 

6.7 Conclusions 
The addition of Nb had the anticipated effect of stabilizing the ferroelectric phase.  Lower Nb 

content increased the transformation stress level in the 95—5 PZT compositions.  Of the other 

composition assessed,  three did not undergo a ferroelectric to antiferroelectric depolarization, 

and three others did but at a lower threshold stress than the 95—5 PZT.  These results 

demonstrate the ability to tune the threshold stress for the FE—AFE phase. 
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Chapter 7  

 The effect of hydrostatic pressure and temperature on the 
piezoelectric behavior of Nb modified 52—48 PZT 

7.1 Overview 
This chapter extends the characterization work performed for PZT based materials used in pulsed 

power generation to PZT based materials used in other harsh environments.  PZT has been used 

in vibratory drills on Mars by NASA, and it is being used in ultrasonic transducers in oil well 

tools where there are high temperatures and pressures.  The hydrostatic loading experimental 

arrangement described in previous chapters is capable of reproducing the environment in deep 

oil wells.  This chapter presents the characterization of a composition of PZT that is well suited 

to use as an ultrasonic transducer in a deep oil well environment. 

This chapter reports the experimental characterization of Niobium doped lead zirconate titanate 

(52—48 PZT).   The large field dielectric response to unipolar electric field was measured as a 

function of hydrostatic pressure and temperature.  

Specimens were subjected to an electric poling field and D—E and strain—electric field loops 

were recorded. Poled specimens were next subjected to unipolar electric field loading at different 

hydrostatic pressure and temperature levels.  Electric field was varied from zero to 1 MV/m at a 

series of fixed pressure levels between zero and 550 MPa and a series of fixed temperature 

between room temperature and 200C.  This resulted in minor hysteresis loops with the area 

inside the loops dependent on pressure, temperature and electric field amplitude. Three different 

slopes were taken from the D—E loops, identified as the initial, the large—field, and the average 

slopes.  Each slope changed with pressure and temperature. The area within the loops in the 
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ferroelectric regime, attributed to domain wall motion induced losses, increased as pressure and 

temperature were increased.   

7.2 Background. 
An important recent application of piezoelectric sensors and actuators is in deep well oil 

exploration. The 52—48 PZT composition [Pb(Zr0.52Ti0.48)O3)] is of particular interest because is 

near the morphotropic phase boundary (MPB) between tetragonal and rhombohedral phases 

where the piezoelectric coefficients are the largest. These phases coexist metastably, enabling a 

process of polarization rotation and phase transformation which enhances the electromechanical 

response. Zhang, Haun, Jang and L.E. Cross [83] studied PZT compositions and temperature 

dependence of dielectric,  piezoelectric and elastic properties from 4.2 to 300K. They found that 

a peak in the dielectric constant occurs in 52—48 PZT. They also stated that this ceramic showed 

tetragonal and rhombohedral phases coexisting. Chen and coworkers reported values of the 

longitudinal piezoelectric coefficient, 194 pC/N; relative dielectric permittivity, 1310; and 

polarization, 36 µC/cm2 in thin films for this solid solution system using a double-beam laser 

interferometer technique [84]. Eitel and coworkers [85] reported large nonlinear piezoelectric 

response of ceramics prepared from Navy-Type II powders (52—48 PZT) when the electric field 

was increased. They used the Rayleigh model to describe the irreversible motion of domain 

walls. The authors went on to say that by quantifying odd order harmonic contributions to 

polarization and strain response, the existence of Raleigh behavior was demonstrated. Zou et. al. 

[86] studied Nb—doped PZT 52—48 films containing 10% excess lead and reported that Nb 

doped PZT films have relatively low porosity, small grain size, smooth surfaces and more 

uniform grain size distribution. Randall and coworkers [87] studied the influence of grain size in 

a range of 0.1—10 µm on the intrinsic and extrinsic elastodielectric properties of undoped and 
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Nb doped 52—48 PZT over a temperature range from 15 to 600 K. They carried out analytical 

transmission electron microscopy studies to conclude that grain—size variation affects domain 

structural changes therefore limiting elastodielectric properties through extrinsic contributions. 

They further stated that new dopant strategies are necessary to maintain high piezoelectric 

properties with fine—grained ceramics. Later Rouquette and coworkers [88-89] carried out 

high—pressure low—temperature experimental research using Raman measurements on 52—48 

PZT powders to confirmed the coexistence of tetragonal, monoclinic and cubic phases and also 

showed that temperature influenced the phase transition under high pressure towards a cubic 

phase. Later Rouquette [90] using neutron powder diffraction reported two main mechanism for 

the behavior of 52—48 PZT at high pressure: reduction and rotation of the spontaneous 

polarization and the onset of octahedral tilting, and pointed out that temperature and electric field 

can induce polarization rotation. 

Recently Wu, Duan, Zhang and Liu [91] using a first—principles derived Hamiltonian simulated  

the effects of high pressure of PZT near the MPB. They found that pressure induced a tetragonal 

to monoclinic and a monoclinic to rhombohedral phase transition and predicted enhanced 

piezoelectric responses. Cho and coworkers worked on the behavior of 52—48 PZT using a 

shock reverberation technique to generate electrical power, and measured X—ray diffraction 

patters under high pressure. They concluded that the electrical power generated depends strongly 

on the phase transition and is maximum when the pressure is close to the transition pressure.  

Bornand et. al. [92] measured dielectric properties of PZT ceramics including 52—48 PZT as a 

function of pressure and low temperatures. Guo et. al. [29] reported dielectric behavior of 52—

48 PZT applying small ac signals and a dc electric bias field. They also studied dielectric 

properties at a temperature range from 12K to 300K. 
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Noheda et. al. [28] reported a low temperature monoclinic phase in the PZT system using high—

resolution synchrotron x—ray powder techniques. This new phase was reported close to the 

MPB at composition 52—48 PZT. 

The composition—temperature phase diagram of PZT adapted from Jaffe et. al. [17] is shown in 

Figure 7.1.a.  The vertical center line indicates the 52—48 PZT composition.  Rouquette, 

Bornand, Haines, Papet, and Gorelli [93-94] proposed a Pressure-Temperature phase diagram of 

the 52—48 PZT ceramic (Figure 7.1.b) based on experimental results using angle-dispersive X-

ray diffraction and Raman scattering measurements at high pressure and temperature. This 

composition is very close to the morphotropic phase boundary at room temperature.  As the 

temperature is increased, the 52—48 PZT composition changes from ferroelectric monoclinic 

(Fm
LT) to ferroelectric tetragonal (FT) passing through a high temperature monoclinic phase 

(Fm
HT). 

a)   b)  

Figure 7.1.a. Composition phase diagram of PZT showing the location of the 52—48 composition in blue—center 
line (from Jaffe, Cook, and Jaffe [17]) and b) Temperature—Pressure phase diagram of 52-48 PZT adapted from 

Rouquette [94]. 

The work presented in this chapter represents measurements of the large field properties of PZT 

as a function of temperature and pressure.  The specific material characterized is a Nb doped 
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52—48 PZT composition that has been used in deep well ultrasonic transducers.  The properties 

of the PZT are not known as a function of temperature and thus the results of this work will 

enable improved design of these transducers. 

7.3 Specimen preparation 
Nb doped 52—48 PZT ceramics plate specimens were provided by TRS Technologies. 

Specimens were prepared by a solid oxide route followed by dicing and electroding. The process 

was controlled at several stages to monitor density, grain size, distribution and electrical 

properties. Plate specimens were cut to dimensions of 0.5x10x10 mm. Silver electrodes were 

applied to the 10x10 mm faces. The materials were poled and both strain and electric 

displacement changes were measured as a function of electric field.  Next the specimens were 

placed in the high pressure chamber and pressurized.  This was repeated at different 

temperatures.  For high temperature experiments specimens were coated with high temperature 

epoxy to protect the strain gages and the specimen itself from the high-pressure oil. 

7.4 Experimental arrangement 
The experimental arrangement is shown in Figure 3.1. The same experimental set up described in 

section 4.4 was used to carry out unipolar electrical loading at different temperatures. A 

temperature controller drives a heater element that can control the temperature between room 

temperature and 250C. A triangle shaped electric field at a frequency of 0.04 Hz was used and a 

high impedance electrometer was used to measured the electric displacement. 

7.4.1 Electrical loading in the hydrostatic chamber 
Pressure was increased in increments from zero to 550 MPa at a rate of 50 MPa/min. At pressure 

increments of 44 MPa the pressure was held constant and electric field cycles of frequency 0.04 
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Hz were run at each hydrostatic pressure level. There was a time difference of 4 min between 

each electric field cycle. Resulting D—E loops were recorded. These steps were repeated at 

every temperature setpoint from room temperature to 175C in increments of 25C. 

7.5 Experimental Results 
In Figure 7.2 electric displacement vs. electric field and transverse strain vs. electric field are 

plotted. Initially the specimen was poled, the electric field was applied from zero to 3 MV/m and 

decreasing to -3MV/m in a triangular wave with a frequency of 0.04 Hz. The cycle displayed a 

symmetric electric displacement vs. electric hysteresis loop. A coercive field of 2 MV/m and a 

remnant polarization of 0.36 C/m2 were recorded.  

  

Figure 7.2-a. Electric displacement vs. electric field curve in 52—48 PZT. b) Transverse strain vs. electric field 
curve in 52—48 PZT. 

7.5.1 Electric displacement—electric field vs. hydrostatic pressure  
Large field dielectric permittivity was measured as a function of electric field amplitude and 

pressure.  Large field dielectric behavior is not readily defined by a single slope and a tangent 

delta. The tangent delta description models the minor loop as a perfect ellipse.  Rayleigh 

behavior can produce a better fit to measured data by using different polynomial functions for 

the increasing and decreasing portions of the curves.  Neither approach is taken here. Rather, 
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three slopes are defined.  The initial slope near zero electric field, the second slope near the peak 

field and the final slope takes into account the complete loop.  The second slope can be 

significantly larger if the field is inducing either domain wall motion or phase boundary motion 

in a manner that changes the electric displacement. Figure 7-3 shows how dielectric permittivity 

was defined in this work, with the lower slope being the small—field permittivity (permittivity 

1), the higher slope being the large—field permittivity (permittivity 2) and the third slope 

averaging the complete cycle (permittivity 3). If a higher electric field were applied, the upper 

slope would flatten out due to saturation. The upper slope used here is believed to be close to the 

inflection point that would be found if the material were driven to saturation. 

 

Figure 7.3 Dielectric permittivities are defined for low field,  high field and complete loop as shown. 

 

Piezoelectric coefficients were also measured as a function of temperature and electric field.  The 

piezoelectric coefficients reported are the ratio of the transverse strain to the longitudinal electric 

field, giving an effective large field d31 coefficient. 
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7.6 Discussion 
The effect of pressure on minor D—E loops is seen in Figure 7.4.  Note that all of the hysteresis 

loops were measured form zero rather than at the remnant polarization values.  As the pressure 

was increased, the hysteresis loops became larger, it seems that the pressure increased the 

electric displacement as the electric field was applied, but it may also be that the pressure 

reduced the initial polarization and the electric field recovered that polarization resulting in a 

larger polarization change during the electric field cycle. It is not clear if this behavior is the 

result of domain wall motion of a phase change. Changes in the electric displacement were 

smooth as the pressure was increased. 

 

Figure 7.4 Effect of pressure on unipolar minor hysteresis loops on 52—48 PZT. 

The relative permittivity as a function of negative hydrostatic stress is summarized in  

Table 7-1 and plotted in Figure 7.5.  The permittivity values changed linearly as pressure was 

increased.  Similar slopes characterized their behavior. 
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Figure 7.5 Effect of hydrostatic pressure on permittivity values as defined in this work. 

 

Table 7-1. Dielectric permittivity as a function of hydrostatic pressure 

Pressure 
[MPa] Permmitivity 1 Permmitivity 2 Permmitivity 3 

0 1378.531 2237.288 1954.802 
73 1457.627 2316.384 2045.198 

140 1548.023 2384.181 2124.294 
214 1593.22 2463.277 2192.09 
277 1661.017 2553.672 2271.186 
350 1740.113 2689.266 2372.881 
420 1807.91 2768.362 2451.977 
490 1841.808 2881.356 2542.373 
554 1932.203 3005.65 2632.768 

 

The piezoelectric coefficients are ploted in Figure 7.6. The piezoelectric coefficient was 

calculated as the slope of transverse—strain vs. electric field curve. As the pressure was 

increased, the piezoelectric coefficient increased in magnitude. Unfortunately strain gages were 

debonded at repeating pressure, temperature and electric field cycles so a complete set of strain 

meaurements at different temperatures were not gotten. Figure 7.6 shows the piezoelectric 

coefficient for 25 and 100C. A linear relationship between  and the hydrostatic pressure and the 

piezoelectric cohefficient is observed. 
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Figure 7.6-a. Effect of hydrostatic pressure on the piezoelectric coefficient d31. 

Large—field dielectric permittivities were measured as a function of electric field, pressure and 

temperature.  Using the same criteria described above, permittivity values were measured as a 

function of pressure and temperature. Figure 7.7 shows permittivity values as a function of 

temperature at zero pressure.  

 

Figure 7.7 Effect of  temperature on permittivity values. 

The complete set of permittivity values as a function of pressure and temperatures are shown in 

Figure 7.8, Figure 7.9 and Figure 7.10. In general permittivities increased linearly as the pressure 

increased. Small—field and  Large—field permittivity were as sensitive to changes in 
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temperature as in pressure. Permittivity 3 gives a stable behavior with a linear relationship as a 

function of pressure and temperature. 

 

 

Figure 7.8 Effect of hydrostatic pressure on permittivity 1 values as defined earlier. 

 

 

Figure 7.9 Effect of hydrostatic pressure on permittivity 2 values as defined earlier. 
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Figure 7.10 Effect of hydrostatic pressure on permittivity 3 values as defined earlier. 

Permittivity values for this composition 52—48 PZT change linearly as a function of pressure 

and temperature. A good approximation is given by adding linear terms as functions of 

temperature and pressure as follow: 

𝜀𝑟(𝑇,𝑝) = 𝜀 + 𝛼𝑇 + 𝛽𝑝 

Where Ԑr (T,p) is the permittivity as a function of temperature and pressure, Ԑ is the permittivity 

at room temperature and atmospheric pressure α and β are slopes for temperature and pressure 

respectively. 

7.7 Conclusions 
The behavior of Nb doped 52—48 PZT was characterized as a function of temperature and 

pressure over the range of 25-175C and 0-600 MPa. The work presented in this chapter 

represents the measurements of the large—field dielectric coefficients over this temperature and 

pressure range. The dielectric response changes linearly with pressure and temperature. The 
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observed changes in these coefficients with temperature and pressure will enable improved 

design of transducers for applications in harsh environments. 
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Chapter 8  

 Phenomenological modeling of antiferroelectricity under pressure 
in 95—5 PZT 

8.1  Overview 
This chapter reports on  the phenomenological model of the antiferroelectric transition  under 

pressure and electrical fields. Qualitative description of the ceramic behavior at the FE—AFE—

FE transition is given in terms of the Kittel's model of the measurable ferroelectric polarization 

and the unmeasurable antiferroelectric polarization defined by Cross[36, 41]. 

8.2 Background 
Antiferroelectricity studies have been carried out since the 50's when Kittel developed the first 

thermodynamic  model describing the main characteristics of the antiferroelectric structure [36]. 

This model assumes neighboring polarized lattices in antiparallel directions with  values Pa and 

Pb.  The model is of the form.  

𝐺 = 𝑓�𝑃𝑎2 + 𝑃𝑏2� + 𝑔(𝑃𝑎𝑃𝑏) + ℎ(𝑃𝑎4 + 𝑃𝑏4)   8—1 

Where 𝒇,𝒈,𝒉 are constant and could be functions of temperature and/or pressure. Later Cross 

presented an Antiferroelectric—Ferroelectric switching transition in the Kittel model and defined 

terms for measuring antiferroelectric and ferroelectric polarization as follow [41]: 

𝑃𝐴 = 𝑃𝑎 − 𝑃𝑏       8—2 

𝑃𝐹 = 𝑃𝑎 + 𝑃𝑏      8—3 

where:  

PF  =Ferroelectric polarization 
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PA  =Antiferroelectric polarization 

After the change of variable and adding a term for the field, the Gibbs energy is given by: 

𝐺 = 𝐺0 + 1
2
�𝑓 + 𝑔

2
� 𝑃𝐹2 + 1

2
�𝑓 − 𝑔

2
�𝑃𝐴2 + ℎ

8
�𝑃𝐹4 + 6𝑃𝐴2𝑃𝐹2+𝑃𝐴4� − 𝐸𝑃𝐹           8—4 

Where E is a constant applied electric field. 

Experimental antiferroelectricity studies have reported phase transitions from the paraelectric to 

antiferroelectric phase transition of PZ [37-38], ferroelectric to antiferroelectric phase when 

heating up from low temperature to high temperature [81]. By applying an strong external 

electric field to the AFE phase without causing electrical breakdown it is possible to get a FE 

phase [38]. Researchers have tended to focus on developing thermodynamical models to explain 

the main characteristics of antiferroelectric transitions under temperature fields [81]. Some 

authors have included the influence of hydrostatic pressure for antiferroelectric transition in 

phenomenological models [42-44, 95]. Experimental studies on 95—5 PZT have shown that this 

material undergoes only a FE—paraelectric transition under the influence of a temperature field 

from low to high temperatures passing through the Curie region [20]. In addition to the FE—

paraelectric transition, 95—5 PZT undergoes and FE—AFE transition under the influence of a 

hydrostatic stress field [2-3]. A temperature—pressure phase diagram for 95—5 PZT was 

provided by Fritz [21].  Figure 8.1 shows the phases of this ceramic as a function of pressure and 

temperature. 
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Figure 8.1 

Considering that 95—5 PZT undergoes a FE—AFE transition under the influence of a 

hydrostatic stress field and that the AFE-paraelectric transition is possible only by applying 

hydrostatic pressure and temperature simultaneously, therefore a phenomenological pressure—

induced phase transition model to describe FE—AFE transition under hydrostatic pressure is 

described next. 

8.3 Phenomenological modeling of 95—5 PZT under hydrostatic 

pressure and electric field  

Kittel's model provides the main characteristics of an antiferroelectric transition. This model 

consider two neighboring lattices with equal magnitude polarization but opposite directions (Pa 

and Pb,) that can be written in terms of the ferroelectric and antiferroelectric polarization as 

describe in equations 8—2 and 8—3. 

𝐺 = 𝐺0 + 1
2
�𝑓 + 𝑔

2
� 𝑃𝐹2 + 1

2
�𝑓 − 𝑔

2
�𝑃𝐴2 −

ℎ
8
�𝑃𝐹4 + 6𝑃𝐴2𝑃𝐹2+𝑃𝐴4� + 𝑘

32
�𝑃𝐹6 + 15𝑃𝐴4𝑃𝐹2+15𝑃𝐴2𝑃𝐹4 + 𝑃𝐴

6� −
𝐸𝑃𝐹        8—5 
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where the constant g is the coupling factor between the ferroelectric and antiferroelectric phases, 

therefore it can capture the transition as the pressure increases, g=g1(p-pc),  with g1 constant. The 

other parameters f ,h and k could be function of temperature. 

At equilibrium the Gibbs energy is minimize by the following conditions: 

𝜕𝐺
𝜕𝑃𝐴

= 0   8—6 

𝜕𝐺
𝜕𝑃𝐹

= 0    8—7 

𝜕2𝐺
𝜕𝑃𝐴

2 > 0    8—8 

𝜕2𝐺
𝜕𝑃𝐹

2 > 0   8—9 

�𝜕
2𝐺
𝜕𝑃𝐴

2� �
𝜕2𝐺
𝜕𝑃𝐹

2� − � 𝜕2𝐺
𝜕𝑃𝐴𝜕𝑃𝐹

� > 0  8—10 

The susceptibility can be gotten by the definition of permittivity: 

𝜀 = 𝜀0𝜀𝑟 = 𝜅 + 𝜀0    8—11 

where: 

 𝜀0 = 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑣𝑎𝑐𝑢𝑢𝑚 

𝜀𝑟 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 

𝜅 = 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 

and 𝜀𝑟 has an approximate value of 𝜅 for antiferroelectric ceramics, therefore: 

𝜅 = 𝜕𝑃𝐹
𝜕𝐸

       8—12 

from equation  8—7 and   8—11  the inverse of the susceptibility is described as: 

1
𝜅 = �𝑓 + 𝑔

2
� − 3ℎ

2
�𝑃𝐹2+𝑃𝐴2� + 15𝑘

16
�𝑃𝐹4 + 6𝑃𝐴2𝑃𝐹2+𝑃𝐴4�    8—13 
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8.4 FE—AFE transition 
For FE—AFE hydrostatic phase transition with no electric field the model must satisfy equation 

8—6 and 8—7 and the condition that the Gibbs energies are equal in both phases [42, 44], 

therefore, 

𝐺𝐹𝐸(𝐸 = 0, 𝑝 = 𝑝𝑐, 𝑃𝐴 = 0, 𝑃𝐹 = 𝑃𝑠) = 𝐺𝐴𝐹𝐸(𝐸 = 0, 𝑝 = 𝑝𝑐, 𝑃𝐹 = 0)     8—14 

Where: 

𝑝 = 𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒  

𝑝𝑐 = 𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑎𝑡 𝐹𝐸—𝐴𝐹𝐸 𝑝ℎ𝑎𝑠𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 

 𝑃𝑠 = 𝑅𝑒𝑚𝑛𝑎𝑛𝑡 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛  

 The antiferroeletric polarization can be obtained from 8—6. Neglecting higher order terms and 

solving for PA , 

𝑃𝐴2 = 2𝑓 − 𝑔 − 3ℎ𝑃𝐹2    8—15 

Similarly from equation 8—7 and solving for PF  with E=0, the ferroelectric polarization is: 

𝑃𝐹2 = 2𝑓 + 𝑔 − 3ℎ𝑃𝐴2    8—16 

8.5 AFE-FE transition under electric field 
 

To describe the AFE—FE transition under bias electric field equations  8—6 and 8—7 

need to be satisfied with E≠0 . From equation  8—7  and neglecting higher order terms we have, 

𝐸 = 𝑃𝐹 �𝑓 + 𝑔
2
� + ℎ

8
(4𝑃𝐹3 + 12𝑃𝐹𝑃𝐴2)  8—17 

 where PA is given by equation  8—15. 

 The Gibbs energies must be equal at the AFE—FE transition under the electric field, therefore 

the following condition must be satisfy: 

 𝐺𝐹𝐸 = 𝐺𝐴𝐹𝐸      8—18 
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Solving for PF from equation 8—17 and taking PA from equation 8—15 and substituting in 

equation 8—18 it is possible to get a value for the electric field necessary for the transition. 

8.6 Simulation results 
 

Simulations were carried out only to qualitatively describe the behavior of the system under 

phase transitions, no attempts were made to match the parameters with the experimental data. To 

run the simulations values of the ferroelectric polarization PF were given, then from equation 

8—15 the antiferroelectric polarization PA was calculated. Once the values of PF and PA are 

known, the applied electric field E can be calculated by equation 8—16. A D—E loop can be 

obtained with this procedure. An hydrostatic pressure cycle can be simulated by increasing the 

pressure value in the coefficients of the Gibbs energy function then re-running the D—E loop for 

each pressure step. 

The D—E loop described by the this model is a single or double spinoidal for the single or 

double hysteresis loops respectively crossing zero polarization at zero applied field.  These 

trajectories do not correspond to minimum values in the free Gibbs energy—polarization plane, 

therefore they are unstable values that do not contribute to the hysteresis path that occurs during 

phase transitions. Figure 8.2 depicts the hysteresis path indicated by arrows for the ferroelectric 

D—E loop and for the antiferroelectric double D—E loop. 

Figure 8.3 shows D—E loops under applied electric fields. The first D—E loops is the typical 

hysteresis loop for a ferroelectric material at zero pressure. Figure 8.3.b-d show the transition 

region from the single to the double D—E loop as the pressure increases. It can be seen that as 

the pressure increases the electric field necessary for the AFE—FE transition increases as well. 
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The transition is of first order as the susceptibility goes to infinity at the transition pressure 

(Figure 8.3.c). This model does not capture the pressure hysteresis region that experimental 

results have shown. Further modeling is neccesary to include all the phenomena that 

experimental characterization did for the 95—5 PZT. 

 

Figure 8.2 D—E loops at FE phase and for the AFE-FE transitions under an applied electric field. The arrows 
indicate the stable trajectories. 

 

a)     b) 
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c)     d) 

 

e) 

Figure 8.3 Sequence of D—E loops as the pressure was increased. Figure a) is the typical hysteresis loop at zero 
pressure, as the pressure increases a double hystesis loop appears and is clearer with greater pressures as depicted in 

Figure e). 
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Chapter 9  

Conclusions 
This research work has reported experimental characterization under high pressure and 

temperature for 52—48 and 95—5 PZT. Other compositions also were subjected to hydrostatic 

pressure to get depolarization charges. Large and small—permittivities were define and 

measured for this work for both compositions. Phase transitions under hydrostatic pressure were 

characterized measuring permittivities, strains and depolarization charges. Double hysteresis 

D—E loops were obtained for 95—5 PZT under the influence of temperature, pressure and 

electric field. Kittel's model was used to qualitatively describe the phase transformation 

behavior.  

The large—field dielectric permittivity measured for 95—5 PZT shown to be a clear indicator of 

phase transformation under hydrostatic pressure. At the transformation pressure the large—field 

permittivity abruptly changes to lower values from the FE to AFE phase as the pressure was 

increased. These changes are less perceptible for small—permittivities. As the pressure decreases 

the AFE—FE  transformation takes place. This occurs near zero pressure, therefore is an 

evidence that both phases can coexist at room temperature and atmospheric pressure due to 

similar Gibbs energy on both phases. 

Previous work on 95—5 PZT did not show the double hysteresis D—E loop presented in chapter 

5. Experimental results were presented of full D vs. E loops vs. pressure at different 

temperatures. Phase transformation from the FE—AFE—FE driven by hydrostatic pressure, 

temperature and electric field were characterized. A pressure hysteresis region was detected  in 

the FE—AFE—FE transformation. This hysteresis region is associated with the metastability of 
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the phase. Electric field—induced the AFE—FE transformations shift the transformation 

pressure. The electric—field induced AFE—FE transition behaves linearly as pressure increases. 

An unexpected AFE—AFE transition al 100C and 495 MPa was detected, this could shift the 

phase diagram for the AFE-tetragonal to the AFE-orthorhombic from the one given by Fritz[21]. 

It is possible to tune the FE—AFE  transition pressure as a function of temperature, electric field 

and pressure using composition. Experimental results of depolarization under hydrostatic 

pressure on various compositions indicate that adding dopants to the ceramic modifies its 

properties and therefore the AFE—FE transition pressure and the remnant polarization. The 

addition of Nb had the anticipated effect of stabilizing the ferroelectric phase.  Lower Nb content 

increased the transformation stress level in the 95—5 PZT compositions. These results 

demonstrate the ability to tune the threshold stress for the FE—AFE phase.    

Kittel's model for antiferroelectric materials was used to describe the behavior of the phase 

transitions under hydrostatic pressure and electric field. 

The behavior of Nb doped 52—48 PZT was characterized as a function of temperature and 

pressure over the range of 25—175C and 0—600 MPa. The dielectric response changes linearly 

with pressure and temperature. The observed changes in these coefficients with temperature and 

pressure will enable improved design of transducers for application in  harsh environments. 
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 Appendix 

 Experimental results on 95—5 PZT under hydrostatic pressure 

 D—E loops under hydrostatic pressure at 30⁰C, f=1Hz 

 

Figure 9.1. Bipolar D—E hysteresis loops measured as the pressure was increased at T=30º C. 

 

Figure 9.2. Bipolar D—E hysteresis loops measured as the pressure was increased at T=30º C. 
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Figure 9.3. Bipolar D—E hysteresis loop measured as the pressure was increased at T=30º C, p=336Mpa. 

 

Figure 9.4. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=30º C. 
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Figure 9.5. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=30º C. 

 

Figure 9.6. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=30º C, p=214 MPa. 
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 D—E loops under hydrostatic pressure at 50⁰C,  f=1Hz 

 

Figure 9.7. Bipolar D—E hysteresis loops measured as the pressure was increased at T=50º C. 

 

Figure 9.8. Bipolar D—E hysteresis loops measured as the pressure was increased at T=50º C. 
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Figure 9.9. Bipolar D—E hysteresis loops measured as the pressure was increased at T=50º C. Transition region. 

 

Figure 9.10. Bipolar D—E hysteresis loop measured as the pressure was increased at T=50º C and p=365MPa. 
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Figure 9.11. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=50º C. 

 

Figure 9.12. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=50º C. 
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Figure 9.13. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=50º C and p=316MPa. 

 D—E loops under hydrostatic pressure at 75⁰C,  f=1Hz 

 

Figure 9.14. Bipolar D—E hysteresis loops measured as the pressure was increased at T=75º C. 
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Figure 9.15. Bipolar D—E hysteresis loops measured as the pressure was increased at T=75º C. 

 

 

Figure 9.16. Bipolar D—E hysteresis loops measured as the pressure was increased at T=75º C, Transition region. 
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Figure 9.17. Bipolar D—E hysteresis loop measured as the pressure was increased at T=75º C and p=364MPa. 

 

 

Figure 9.18. Bipolar D—E hysteresis loop measured as the pressure was increased at T=75º C and p=388MPa. 
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Figure 9.19. Bipolar D—E hysteresis loop measured as the pressure was increased at T=75º C and p=418MPa. 

 

Figure 9.20. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=75º C. 
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Figure 9.21. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=75º C. 

 

Figure 9.22. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=75º C. Transition region. 
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Figure 9.23. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=75º C. Transition region. 

 

Figure 9.24. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=75º C and p=351MPa. 
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 D—E loops under hydrostatic pressure at 100⁰C,  f=1Hz 

 

Figure 9.25. Bipolar D—E hysteresis loops measured as the pressure was increased at T=100º C. 

 

Figure 9.26. Bipolar D—E hysteresis loops measured as the pressure was increased at T=100º C. 
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Figure 9.27. Bipolar D—E hysteresis loops measured as the pressure was increased at T=100º C. Transition region. 

 

Figure 9.28. Bipolar D—E hysteresis loop measured as the pressure was increased at T=100º C and p=350MPa. 
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Figure 9.29. Bipolar D—E hysteresis loop measured as the pressure was increased at T=100º C and p=362MPa. 

 

Figure 9.30. Bipolar D—E hysteresis loop measured as the pressure was increased at T=100º C and p=369MPa. 
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Figure 9.31. Bipolar D—E hysteresis loop measured as the pressure was increased at T=100º C and p=422MPa. 

 

Figure 9.32. Bipolar D—E hysteresis loop measured as the pressure was increased at T=100º C and p=451MPa. 
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Figure 9.33. Bipolar D—E loop measured as the pressure was increased at T=100º C,  p=451 and 495Mpa. 

 

Figure 9.34. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=100º C. 
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Figure 9.35. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=100º C. 

 

Figure 9.36. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=100º C. 
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Figure 9.37. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=100º C and p=315MPa. 

 D—E loops under hydrostatic pressure at 125⁰C,  f=1Hz 
 

 

Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. 
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Figure 9.38. Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. 

 

Figure 9.39. Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. 
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Figure 9.40. Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. Transition region. 

 

Figure 9.41. Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. Transition region. 



 

122 
 

 

Figure 9.42. Bipolar D—E hysteresis loops measured as the pressure was increased at T=125º C. Transition region. 

 

 

Figure 9.43. Bipolar D—E hysteresis loop measured as the pressure was increased at T=125º C and p=388MPa. 



 

123 
 

 

Figure 9.44. Bipolar D—E hysteresis loop measured as the pressure was increased at T=125º C and p=420MPa. 

 

Figure 9.45. Bipolar D—E hysteresis loop measured as the pressure was increased at T=125º C and p=451MPa. 
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Figure 9.46. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=125º C. 

 

Figure 9.47. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=125º C. 
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Figure 9.48. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=125º C. 

 

Figure 9.49. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=125º C. Transition region. 
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Figure 9.50. Bipolar D—E hysteresis loops measured as the pressure was decreased at T=125º C. Transition region. 

 

Figure 9.51. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=125º C and p=420MPa. 
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Figure 9.52. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=125º C and p=378MPa. 

 

Figure 9.53. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=125º C and p=375MPa. 
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Figure 9.54. Bipolar D—E hysteresis loop measured as the pressure was decreased at T=125º C and p=335MPa. 

 D—E loops under hydrostatic pressure. Constant  pressure, 
increasing temperature. 

 

Figure 9.55. Bipolar D—E hysteresis loops measured at 0 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 
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Figure 9.56. Bipolar D—E hysteresis loops measured at 0 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 

 

Figure 9.57. Bipolar D—E hysteresis loops measured at 0 MPa pressure at different temperatures: 30, 75 and 125º 
C. 
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Figure 9.58. Bipolar D—E hysteresis loops measured at 350 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 

 

Figure 9.59. Bipolar D—E hysteresis loops measured at 350 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 
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Figure 9.60. Bipolar D—E hysteresis loops measured at 350 MPa pressure at different temperatures: 30, 75 and 125º 
C. 

 

Figure 9.61. Bipolar D—E hysteresis loops measured at 485 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 
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Figure 9.62. Bipolar D—E hysteresis loops measured at 385 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 

 

Figure 9.63. Bipolar D—E hysteresis loops measured at 385 MPa pressure at different temperatures: 30, 50, 75, 100 
and 125º C. 
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Figure 9.64. Bipolar D—E hysteresis loops measured at 385 MPa pressure at different temperatures: 30, 75 and 125º 
C. 
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