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Recently, the development of electronic technology towards higher frequencies and 

larger band widths has led to interest in finding new piezoelectric materials, which could be used 

to make filters with larger pass band widths and oscillators with better frequency stability. 

Langasite (La3Ga5SiO14, LGS) and its isomorphs have enticed considerable attention of 

researchers as a potential substrate material for piezoelectric device applications because of its 

high frequency stability and fairly good electromechanical coupling factors for acoustic wave 

devices. Nonlinear effect including drive level dependence, mode coupling, force-frequency 

effect and electroelasic effect are critical for the design of these devices. Third-order elastic 

constants (TOEC) play an important role in a quantitative analysis of these nonlinear effects. In 

particular these elastic constants are of great importance when the BAW (Bulk Acoustic Wave) 

and SAW (Surface Acoustic Wave) sensors of force, acceleration and so on are designed. Until 

now Langasite (LGS) and Langatate (LGT) crystal resonators have been qualified in terms of 

quality factor, temperature effect, isochronism defect and material quality. One of the most 

important advantages of those crystals is that they will not undergo phase transitions up to its 

melting temperature of 1450°. Presently there is no data on TOEC of LGT crystals. Our 

objective is to create an experimental procedure to measure and collect the complete set of third-

order elastic constants of Langasite (La3Ga5SiO14) and Langatate (La3Ga5.5Ta0.5O14) crystals and 

compare the new values for langasite with values previously reported. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Smart materials are materials that undergo transformations through physical interactions. 

The I.Q. of smart materials is measured in terms of their responsiveness to environmental stimuli 

and their agility. The first criterion requires a large amplitude change, whereas the second 

assigns faster response materials with higher I.Q. Commonly encountered smart materials and 

structures can be categorized into three different levels: (i) single-phase materials, (ii) composite 

materials, and (iii) smart structures.[1] Piezoelectric materials, shape-memory alloys, 

electrostrictive materials, magnetostrictive materials, and electrorheological fluids are some 

examples of currently available smart materials. Among them piezoelectric materials whose 

prefix from the Greek word piezo for pressure represent a new design philosophy and 

engineering approach. It follows that a piezoelectric material develops a potential across its 

boundaries when subjected to a mechanical stress (or pressure), and vice versa, when an electric 

field is applied to the material, a mechanical deformation arises. [2] Recently, high temperature 

piezoelectric single crystals have been extensively studied for sensing applications. There are 

many materials which exhibit these kinds of behavior including quartz, gallium phosphate 

(GaPO4), barium titanate (BaTiO3), lithium niobate (LiNbO3), lead zirconate titanate (PZT), 

aluminium nitride (AlN), zinc oxide (ZnO), polyvinylidene fluoride (PVDF) and others. [3] They 

are widely used in modern sensors, actuators, ultrasonic transducers, ultrasonic probes, and 

piezoelectric motors, as well as frequency control and timing products. Depending upon its 

material properties, each kind of piezoelectric material has its specific applications.  
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Piezoelectric resonator technology is extensively used by the military, and modern 

military systems require that crystal resonators are stable over a wide range of parameters (time 

,temperature, acceleration, electric field, radiation, etc.), have low noise, require low power, are 

small in size, have fast-warm up and have low life cycle cost. 

Recently, new piezoelectric materials such as LiNbO3, langasite and langatate have been 

investigated for their potential to improve the performance of resonators made from quartz. 

langasite, La3Ga5SiO14 (LGS), and langatate, La3Ga5.5Ta0.5O14 (LGT), both are the compounds 

of the langasite family (sp. gr. P321, Z = 1) and have considerable potential for acoustoelectric 

and piezoelectric applications, which require materials to be uniform in composition and 

properties. Langasite and langatate show good thermal stability and adequate piezoelectric 

coupling and these have very low acoustic loss as indicated by its high Q or quality factor (a 

dimensionless parameter that describes how underdamped an oscillator or resonator is). The 

combination of these properties makes it a very promising material for resonators. However the 

frequency of such resonators can be affected by many environmental effects. Most importantly 

are the acceleration and temperature, which is so called biasing field. So, the ability to predict the 

effect of these biasing fields on resonators is critical. Non-linear elastic constants play an 

important role on the analysis of resonator under biasing fields, however, for this new crystal, 

very little is known about their nonlinear elastic properties. Compared to traditional materials 

(piezoelectric ceramics and quartz) employed in physical sensors, langatate has a number of 

merits, which include the absence of the pyroelectric effect and structural phase transitions at 

temperatures up to the melting point of 1450 °C. Lanthanum gallium tantalite has a more ordered 

structure than the langasite and, hence,has a higher quality factor, which exceeds that of quartz. 

[4–6] 
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1.2 Problem Statement and Research Direction 

In this thesis an experimental procedure has been developed to measure the complete set 

of third order elastic constant (TOEC) for LGS (La3Ga5SiO14) and LGT (La3Ga5.5Ta0.5O14) single 

crystal.  The TOEC of LGS has only been reported in [7] and the TOEC of LGT has not been 

reported at all. 

The TOEC of piezoelectric single crystals can be determined in several ways:[8] from the 

deviation from linear behavior in static experiments, from the development of second and higher 

harmonics for stress waves propagating through the material, from impact loading, from the 

electrical current-amplitude-frequency relation of an electromechanical resonator near strong 

nonlinear resonance, from ultrasonic beam mixing (phonon-phonon scattering), and from the 

change in acoustic wave speed as a material is placed under varying hydrostatic pressure or 

uniaxial load. Among all of the possible methods, the last approach is the most effective one; it 

has been used to determine the full set of TOEC for materials such as quartz,[9] fused silica,[10] 

germanium,[10][11] polycrystalline columbium,[12] MgO,[11] calcite [13] and langasite [7].  

At present, the transit time method has been used on the LGS crystal, but not the LGT 

crystal, to determine changes in acoustic wave velocity as the loading is varied. Nonlinear 

material constants including the third-order elastic, piezoelectric, and dielectric constants, and 

the electrostrictive constants, are critical for the analysis of nonlinear effects in piezoelectric 

resonators such as drive level dependence, intermodulation, the force-frequency effect, and the 

electroelastic effect.   

Accurate extraction of the TOECs requires a precise measurement of changes in the 

ultrasonic wave velocity when a sample is subjected to a changing uniaxial load or hydrostatic 

pressure. The most popular measurement methods for determining ultrasonic wave velocities are 
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the pulse superposition and pulse-echo overlap methods. Reviews of these techniques are given 

by Truell et al. [14] and Papadakis [15]. The measurement technique described here builds upon 

these methods. In these two methods, large errors can occur if the shape of the pulse echoes is 

distorted by any number of causes including sample imperfections and mode conversions at 

boundaries. The cross correlation method avoids this problem since it does not depend upon 

accepting or rejecting specific features in any echoes, and instead is statically weighted by 

dominant frequencies common to the waveforms being correlated.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Qualitative Review 

2.1.1 Piezoelectric Material 

Piezoelectric materials produce polars in the crystal structure and charges on the surface 

of the crystal, when the crystals are stressed mechanically as shown in Figure 2.1(a). The surface 

charges  leads  to  a  voltage  difference  between  the  two  surfaces  of  the  crystal.  On the 

contrary, when the crystals are applied with an electric field, they exhibit mechanical strain or 

distortion [16] as shown in Figure 2.1.  

 
Figure 2.1: The piezoelectric effects. (a) Generated V by an applied force. (b) Compressed 

crystal by an applied voltage 
 

These materials are usually ceramics with a perovskite structure (see Figure 2.2). The 

perovskite structure exists in two crystallographic forms. Below the Curie temperature they have 

a tetragonal structure and above the Curie temperature they transform into a cubic structure. In 

the tetragonal state, each unit cell has an electric dipole, i.e. there is a small charge differential 

between each end of the unit cell. 

(a) (b) 
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Figure 2.2: The (a) tetragonal perovskite structure below the Curie temperature and the (b) cubic 

structure above the Curie temperature. (Courtesy of www.azom.com) 
 

2.1.2 Crystal Growth of Langasite and Langatite 

A single crystal or monocrystalline solid is a material in which the crystal lattice of the 

entire sample is continuous and unbroken to the edges of the sample, with no grain boundaries. 

The absence of the defects associated with grain boundaries can give monocrystals unique 

properties, particularly mechanical, optical and electrical, which can also be anisotropic, 

depending on the type of crystallographic structure. These properties, in addition to making them 

precious in some gems, are industrially used in technological applications, especially in optics 

and electronics. [17] 

Langasite group single crystals have been grown by many growing methods such as 

Czochralski (Cz) technique, Bridgeman method, floating zone (FZ) method, micro-pulling 

down (µ-PD) technique, as these crystals grow easily because of a low melting point around 

1470 oC being able to use stably Pt-crucible, no phase transition and congruent melting.[16] 

The most useful method is Cz-method which is pulling up a single crystal using the seed crystal 

from melts in a crucible heated Figure 2.3(a)-(c)). 

http://www.azom.com/
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Crystal_lattice
http://en.wikipedia.org/wiki/Grain_boundaries
http://en.wikipedia.org/wiki/Anisotropic
http://en.wikipedia.org/wiki/Crystallography
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Figure 2.3: Single crystals of Langasite (a)-(c) and (d) grown by Cz-method, and by µ-PD 
technique, respectively (courtesy of Hitoshi Ohsato et al. 2012) 

 

2.1.3 Langasite Crystal Structure 

The crystal of LGS (Figure 2.4) belongs to a rhombohedral system with the space group 

P321. The lattice constants are a58.162 Å and c55.087 Å.  

 
Figure 2.4: Singal crystal of langasite (Courtesy of www.newpiezo.com) 

 

This crystal is characterized by the Ca3Ga2Ge4O14-type structure, in which there are four kinds of 

cations named A, B, C, and D, i.e., A3BC3D2O14 . In this formula, the A and B represent a 

decahedral site coordinated by eight O atoms and an octahedral site by six O atoms, respectively. 

The C and D represent tetrahedral sites coordinated by four O atoms. The size of the C site is 

slightly larger than that of the D site. In the crystal of LGS, La atoms place at the A sites. Ga 

(a)                            (b)   (c)   (d) 

http://www.newpiezo.com/
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atoms occupy the B and C sites and half of the D sites. Si atoms are put at half of the D sites. 

There are two layers perpendicular to the c axis: one is composed of the decahedra at A sites and 

the octahedra at B sites and the other of the tetrahedra at C and D sites. The LGS crystal is 

formed by heaping the two layers in the direction along the c axis alternatively. [18] 

 

2.1.4 Langatate Crystal Structure 

Langatate (La3Ga5.5Ta0.5O14) structure consists of alternating layers of two types oriented 

perpendicularly to the с axis (symmetry axis 3) (Figure 2.5a). The first layer is formed by 

octahedral  

 

Figure 2.5: (a) La3Ta0.5Ga5.5O14 crystal structure consists of alternating layers of two types: the 
first layer contains [(Ta0.5Ga0.5) O6] the first layer contains [(Ta0.5Ga0.5) O6] octahedra and large 
La cations and the second layer contains two types of crystallographically independent GaO4 
[tetrahedral on axes 2 and 3 (b) A layer of Ta0.5Ga0.5O6 octahedra and La polyhedral and (c) a 
layer of two types of GaO4 tetrahedra (Courtesy of A. P. Dudka et al. 2011). 
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[(Ta0.5,Ga0.5,O6] with a cation in the 1a position of symmetry 32 (origin of coordinates) and 

eight-vertex [LaO8] polyhedra of lanthanum cations (the largest ones) (3e position, symmetry 2) 

(Figure 2.5b). The second layer consists of two crystallographically independent [GaO4] 

tetrahedra: one with a cation in the 3f position of symmetry 2 and the second with a cation in the 

2d position of symmetry 3 (Figure 2.5c). Crystals were grown with La atoms in the eight-vertex 

polyhedra replaced by Ca, Sr, Ba, Na, Pb, etc; the octahedra were occupied by Ga, Ta, Nb, etc.; 

the 2d tetrahedra on axes 3 contained Si, Ge, Ga, Al, etc.; and, finally, the 3f tetrahedra on axes 2 

contained Ga, Ge, etc.[19]  

 

2.1.5 Wave Propagation 

Ultrasonic wave propagation is based on time-varying deformations or vibrations in 

materials, which is generally referred to as acoustics. All material substances are comprised of 

atoms, which may be forced into vibrational motion about their equilibrium positions. Many 

different patterns of vibrational motion exist at the atomic level, however, most are irrelevant to 

acoustics and ultrasonic testing. Acoustics is focused on particles that contain many atoms that 

move in unison to produce a mechanical wave. When a material is not stressed in tension or 

compression beyond its elastic limit, its individual particles perform elastic oscillations. When 

the particles of a medium are displaced from their equilibrium positions, internal (electrostatic) 

restoration forces arise. It is these elastic restoring forces between particles, combined with 

inertia of the particles that leads to the oscillatory motions of the medium. [20]  

In solids, sound waves can propagate in four principle modes that are based on the way 

the particles oscillate. Sound can propagate as longitudinal waves, shear waves, surface waves, 

and in thin materials as plate waves. Longitudinal and shear waves are the two modes of 
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propagation most widely used in ultrasonic testing. The particle movement responsible for the 

propagation of longitudinal and shear waves is illustrated in Figures 2.6 and 2.7. 

 
Figure 2.6: Longitudinal wave (courtesy of www.physics.isu.edu) 

 

In longitudinal waves in Figure 2.6, the oscillations occur in the longitudinal direction or 

the direction of wave propagation. Since compressional and dilatational forces are active in these 

waves, they are also called pressure or compressional waves. They are also sometimes called 

density waves because their particle density fluctuates as they move. Compression waves can be 

generated in liquids, as well as solids, because the energy travels through the atomic structure by 

a series of compressions and expansion (rarefaction) movements. [20] 

In the transverse or shear wave in Figure 2.7, the particles oscillate at a right angle or 

transverse to the direction of propagation. Shear waves require an acoustically solid material for 

effective propagation, and therefore, are not effectively propagated in materials such as liquids or 

gasses. Shear waves are relatively weak when compared to longitudinal waves. In fact, shear 

waves are usually generated in materials using some of the energy from longitudinal waves. [20] 

http://www.physics.isu.edu/
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Figure 2.7: Transverse wave (courtesy of www.physics.isu.edu) 

 

 

2.1.6 Attenuation of Sound Waves 

When sound travels through a medium, its intensity diminishes with distance in Figure 

2.8. In idealized materials, sound pressure (signal amplitude) is only reduced by the spreading of 

the wave. Natural materials, however, all produce an effect which further weakens the sound. 

This further weakening results from scattering and absorption. Scattering is the reflection of the 

sound in directions other than its original direction of propagation.  Absorption is the conversion 

of the sound energy to other forms of energy.  The combined effect of scattering and absorption 

is called attenuation.  Ultrasonic attenuation is the decay rate of the wave as it propagates 

through material. Attenuation of sound within a material itself is often not of intrinsic interest. 

However, natural properties and loading conditions can be related to attenuation. Attenuation 

often serves as a measurement tool that leads to the formation of theories to explain physical or 

chemical phenomenon that decreases the ultrasonic intensity. [20] 

http://www.physics.isu.edu/
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Figure 2.8: Attenuation of sound waves (Courtesy of http://www.emeraldinsight.com) 

 

2.1.7 Piezoelectric Transducers 

The conversion of electrical pulses to mechanical vibrations and the conversion of 

returned mechanical vibrations back into electrical energy is the basis for ultrasonic testing. The 

active element is the heart of the transducer as it converts the electrical energy to acoustic 

energy, and vice versa. The active element of most acoustic transducers used today is a 

piezoelectric ceramic, which can be cut in various ways to produce different wave modes. The 

thickness of the active element is determined by the desired frequency of the transducer. A thin 

wafer element vibrates with a wavelength that is twice its thickness. Therefore, piezoelectric 

crystals are cut to a thickness that is 1/2 the desired radiated wavelength. The higher the 

frequency of the transducer, the thinner the active element. The primary reason that high 

frequency contact transducers are not produced is because the element is very thin and too 

fragile. [20] There are five types of ultrasonic transducers commonly used in flaw detection 

applications:  

 

http://www.emeraldinsight.com/
javascript:;
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2.1.7.1 Contact Transducers  

As the name implies, contact transducers are used in direct contact with the test piece in 

Figure 2.9. They introduce sound energy perpendicular to the surface, and are typically used for 

locating voids, porosity, and cracks or delamination’s parallel to the outside surface of a part, as 

well as for measuring thickness. [20]  

 

2.1.7.2 Angle Beam Transducers 

 Angle beam transducers are used in conjunction with plastic or epoxy wedges (angle 

beams) to introduce shear waves or longitudinal waves into a test piece at a designated angle 

with respect to the surface. They are commonly used in weld inspection. [20] 

 

2.1.7.3 Delay Line Transducers  

Delay line transducers incorporate a short plastic waveguide or delay line between the 

active element and the test piece. They are used to improve near surface resolution and also in 

high temperature testing, where the delay line protects the active element from thermal damage. 

[20]   

 

2.1.7.4 Immersion Transducers  

Immersion transducers are designed to couple sound energy into the test piece through a 

water column or water bath. They are used in automated scanning applications and also in 

situations where a sharply focused beam is needed to improve flaw resolution. [20] 
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2.1.7.5 Dual Element Transducers  

Dual element transducers utilize separate transmitter and receiver elements in a single 

assembly. They are often used in applications involving rough surfaces, coarse grained materials, 

detection of pitting or porosity, and they offer good high temperature tolerance as well. [20] 

 

2.1.8 Contact Transducer 

 
Figure 2.9: Internal Structure of contact transducer 

 

2.1.8.1 The Active Element 

The active element, which is piezo or ferroelectric material, converts electrical energy 

such as an excitation pulse from a flaw detector into ultrasonic energy. The most commonly used 

materials are polarized ceramics which can be cut in a variety of manners to produce different 

wave modes. New materials such as piezo polymers and composites are also being employed for 

applications where they provide benefit to transducer and system performance. [21] 
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2.1.8.2 Backing 

The backing is usually a highly attenuative, high density material that is used to control 

the vibration of the transducer by absorbing the energy radiating from the back face of the active 

element. When the acoustic impedance of the backing matches the acoustic impedance of the 

active element, the result will be a heavily damped transducer that displays good range resolution 

but may be lower in signal amplitude. If there is a mismatch in acoustic impedance between the 

element and the backing, more sound energy will be reflected forward into the test material. The 

end result is a transducer that is lower in resolution due to longer waveform duration, but may be 

higher in signal amplitude or greater in sensitivity. [21] 

 

2.1.8.3 Wear Plate 

The basic purpose of the transducer wear plate is to protect the transducer element from 

the testing environment. In the case of contact transducers, the wear plate must be a durable and 

corrosion resistant material in order to withstand the wear caused by use on materials such as 

steel. [21] 

 

2.1.9 Couplant 

A couplant is a material that facilitates the transmission of ultrasonic energy from the 

transducer into the test specimen. A couplant is generally necessary because the acoustic 

impedence mismatch between air and solids is large. Therefore, nearly all of the energy is 

reflected and very little is transmitted into the test material. The couplant displaces the air and 

makes it possible to get more sound energy into the test specimen so that a usable ultrasonic 
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signal can be obtained. In contact ultrasonic testing a thin film of oil, glycerin or water is 

generally used between the transducer and the test surface. 

 

2.1.10 Pulser-Receiver 

Ultrasonic pulser-receivers are well suited to general purpose ultrasonic testing. 

According to Figure 2.10, along with appropriate transducers and an oscilloscope, they can be 

used for flaw detection and thickness gauging in a wide variety of metals, plastics, ceramics, and 

composites. Ultrasonic pulser-receivers provide a unique, low-cost ultrasonic measurement 

capability. [20] 

 
Figure 2.10: Connection of pulser-receiver. 

 

The pulser section of the instrument generates short, large amplitude electric pulses of 

controlled energy, which are converted into short ultrasonic pulses when applied to an ultrasonic 

transducer. Most pulser sections have very low impedance outputs to better drive transducers. 

Control functions associated with the pulser circuit include: 

• Pulse length or damping (The amount of time the pulse is applied to the transducer.) 

• Pulse energy (The voltage applied to the transducer. Typical pulser circuits will apply 
from 100 volts to 800 volts to a transducer.) 

PC 

Pulser 
Receiver 

 

Transducer 



17 

In the receiver section, the voltage signals produced by the transducer, which represent 

the received ultrasonic pulses, are amplified. The amplified radio frequency (RF) signal is 

available as an output for display or capture for signal processing. Control functions associated 

with the receiver circuit include  

• Signal rectification (The RF signal can be viewed as positive half wave, negative half 
wave or full wave.) 

• Filtering to shape and smooth return signals 

• Gain, or signal amplification 

• Reject control 

 

2.1.11 Pulse-Superposition Method 

The pulse-superposition method [22, 23] is capable of measuring the velocity of sound to 

accuracies of 1 part in 5000 or better. A piezoelectric transducer initiates radiofrequency (rf) 

pulses of ultrasonic energy into a specimen, as shown in Figure 2.11. These pulses echo back and 

forth within the specimen. Each succeeding echo is constructively added to the previous echo of 

a given pulse by controlling the pulse repetition rate at the reciprocal of the travel time in the 

specimen. [24] 

 This superposition of the pulses within the specimen gives the technique its name. 

The method is capable of measuring accurately from one cycle of one echo to the corresponding 

cycle of the succeeding echo. A Continuous Wave (CW) oscillator is used to control the pulse 

repetition rate. When the repetition rate is adjusted so that the initiation of a pulse coincides with 

the return of the first echo from the preceding pulses, the change in the signal amplitude 

indicates superposition. The CW oscillator frequency is monitored by a frequency counter. The 

pulse repetition rate is the reciprocal of the CW frequency and is a measure of the travel time 



18 

within the specimen (twice the thickness of the specimen). The velocity is twice the specimen 

thickness times the pulse repetition rate after correcting for phase shift at the bond areas. [24] 

 

 
Figure 2.11: Block diagram of pulse super position method 

 
 

2.1.12 Pulse-Echo-Overlap Method 

The pulse-echo-overlap method [25] is similar in many respects to the pulse 

superposition method but is much more versatile. The pulse-echo-overlap method utilizes either 

rf bursts (to measure phase velocity) or broadband pulses (for group velocity), whereas the pulse-

superposition method uses only rf bursts. Like the pulse-superposition method, the pulse-echo-

overlap method is capable of measuring accurately from any cycle of one echo to the 

corresponding cycle of the next echo. Another difference between the two methods is in the fact 

that the pulse-superposition method lends itself to automation by feedback mechanisms to 

monitor velocity or velocity changes, whereas the pulse-echo-overlap method does not. The 

overlap is accomplished by visual observation by the technician performing the measurements. 
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The pulse-echo overlap is accomplished in analogue implementation by driving the x-axis 

of an oscilloscope with a variable frequency CW oscillator. By adjusting the frequency of the 

oscillator, one echo of interest is caused to appear on one sweep of the x-axis and the next echo 

on the succeeding sweep. When the CW oscillator frequency is adjusted so that the two pulses 

exactly overlap, the period of the oscillations is the travel time between the signals of interest. 

The repetition rate of the input pulse is generated from the phase of the CW oscillator through a 

frequency divider. [24] 

This synchronism between the pulse triggering and the x-axis sweep eliminates jitter. By 

dividing by a large enough number, echoes from one pulse will be attenuated before the next one 

is triggered. An additional advantage of the pulse-echo-overlap method is that the transducer 

may be coupled directly to the specimen or may be coupled through a delay line such as a buffer 

rod or a liquid column. In the pulse-superposition method, the transducer is coupled directly to 

the specimen. The method also may be used to make through transmission measurements using a 

transmitting and a receiving transducer. [24] 

 

2.2 Quantitative Review 

The theory of linear piezoelectricity assumes infinitesimal deviations from an ideal 

reference state of the material in which there are no preexisting mechanical and/or electrical 

fields (initial or biasing fields). The presence of biasing fields makes a material apparently 

behave like a different material, and renders the linear theory of piezoelectricity invalid. The 

behavior of electroelastic bodies under biasing fields can be described by the theory for 

infinitesimal incremental fields superposed on finite biasing fields [26, 27], which is a 
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consequence of the nonlinear theory of electroelasticity. This section presents the theory for 

small fields superposed on finite biasing fields in an electroelastic body. 

Consider the following three states of an electroelastic body in Figure 2.12. 

 
Figure 2.12: Reference, initial, and present configurations of an electroelastic body 

 

In the reference state, the body is unreformed and free of electric fields.  A generic 

point at this state is denoted by X with Cartesian coordinates 𝑋𝐾 the mass density is 𝜌0. 

In the initial state the body is deformed finitely and statically, and carries finite static electric 

fields. The body is under the action of body force  𝑓𝛼0 ,  body charge  𝜌𝐸0 , prescribed surface 

position �̅�𝛼, surface traction 𝑇�𝛼0 , surface potential 𝜙−0  and surface charge 𝜎�𝐸0.     

The deformation and fields for this configuration are the initial or biasing fields. The 

position of the material point associated with X is given by 𝑥 = 𝑥(𝑋)𝑜𝑟 𝑥𝛾 = 𝑥𝛾(𝑋), with 

strain𝑆𝐾𝐿0 . Greek indices are used for the initial configuration. The electric potential in this 

state is denoted by 𝜙0(𝑋) with electric field 𝐸𝛼0. 𝑥(𝑋) and 𝜙0(𝑋) satisfy the following static 

equations of nonlinear electro elasticity: 

SKL0 = � xα,K, xα,L − δKL�/2  , 
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t 
 𝐸𝐾0 = −∅,𝐾

0 , 𝐸𝛼0 = −∅,𝛼 
0 , 

 

𝑇𝐾𝐿0 = 𝜌0  𝜕𝜓
𝜕𝑆𝐾𝐿𝑆𝐾𝐿,

0 𝐸𝐾
0
� , 

 

𝑃𝐾0 = 𝜌0  
𝜕𝜓
𝜕𝐸𝐾

� 𝑆𝐾𝐿0 𝐸𝐾
0  

 
𝐽0 = det�𝑥𝛼,𝐾�, 

 
𝐾𝐾𝛼0 = 𝑥𝛼,𝐿𝑇𝐾𝐿0 + 𝑀𝐾𝛼

0 ,𝐷𝐾0 = 𝜖0𝐽0𝑋𝐾,𝛼𝑋𝐿,𝛼𝐸𝐿0 + 𝑃𝐾0, 
 

𝑀𝐾𝛼
0 = 𝐽0𝑋𝐾,𝛽𝜖0(𝐸𝛽

0𝐸𝛼0 −
1
2
𝐸𝛾0𝐸𝛾0𝛿𝛽𝛼) 

 
𝐾𝐾𝛼,𝐾
0 + 𝜌0𝑓𝛼0 = 0,𝐷𝐾,𝐾

0 = 𝜌𝐸0 
 

In the present state, time-dependent, small, incremental deformations and electric fields 

are applied to the deformed body at the initial state. The body is under the action of 

𝑓𝑖 ,𝜌𝐸 , 𝑦�𝑖,𝑇�𝑖,𝜙�,𝜎�𝐸 .  The final position of X is given by 𝑦 = 𝑦(𝑋, 𝑡), and the final electric potential 

is 𝜙(𝑋, 𝑡),𝑦 (𝑋, 𝑡)𝑎𝑛𝑑 𝜙 (𝑋, 𝑡) satisfy the dynamic equations of nonlinear electroelasticity. 

𝑆𝐾𝐿 = �𝑦𝑖,𝐾𝑦𝐼,𝐿 − 𝛿𝐾𝐿�/ 2   , 𝐸𝐾 = −𝜙,𝐾,  𝐸𝑖 = −𝜙,𝑖 
 

𝑇𝐾𝐿𝑆 = 𝜌0
𝜕𝜓
𝜕𝑆𝐾𝐿

�
𝑆𝐾𝐿,𝐸𝐾

,𝑃𝐾 = −𝜌0
𝜕𝜓
𝜕𝐸𝐾

�
𝑆𝐾𝐿,𝐸𝑘

, 

 
𝐾𝐿𝑗 = 𝑦𝑗,𝐾𝑇𝐾𝐿𝑆 + 𝑀𝐿𝑗  ,𝐷𝐾 = 𝜖0𝐽𝐶𝐾𝐿−1𝐸𝐿 + 𝑃𝐾 

 
𝑀𝐿𝑗 = 𝐽𝑋𝐿,𝑖𝜖0(𝐸𝑖𝐸𝑗 −

1
2
𝐸𝑘 𝐸𝑘𝛿𝑖,𝑗), 

 
𝐾𝐿𝑗,𝐿 + 𝜌0𝑓𝑗 = 𝜌0�̈�𝑗,  𝐷𝐾,𝐾 = 𝜌𝐸 . 

 
Equations for the Incremental Fields: 

Let the incremental displacement be 𝑢 (𝑋, 𝑡) and the incremental potential be 𝜙1(𝑋, 𝑡) 𝑢 

and 𝜑1 are assumed to be infinitesimal. We than write 𝑦 and 𝜙 as 

𝑦𝑖(𝑋, 𝑡) = 𝛿𝑖𝛼[𝑥𝛼(𝑋, 𝑡) + 𝑢𝛼 (𝑋, 𝑡)], 
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𝜙(𝑋, 𝑡) = [𝜙0(𝑋, 𝑡) + 𝜙1(𝑋, 𝑡)]. 

Then it can be shown that the equations governing the incremental fields 𝑢 and are 𝜙1 

𝐾𝐾𝛼,𝐾
1 + 𝜌0𝑓𝛼1 = 𝜌0�̈�𝛼 

𝐷𝐾,𝐾
1 = 𝜌𝐸1 , 

where 𝑓𝛼1  and   𝜌𝐸1  are determined from 

𝑓𝑖 = 𝛿𝑖𝛼(𝑓𝛼0 + 𝑓𝛼1),   𝜌𝐸 = 𝜌𝐸0 + 𝜌𝐸1 . 

The incremental stress tensor and electric displacement vector are given by the following 

constitutive relations: 

𝐾𝐿𝛾
1 = 𝐺𝐿𝛾𝑀𝛼𝑢𝛼,𝑀 − 𝑅𝑀𝐿𝛾𝐸𝑀

1 , 

𝐷𝐾1 = 𝑅𝐾𝐿𝛾𝑢𝛾,𝐿 + 𝐿𝐾𝐿𝐸𝐿1, 

where 𝐸𝐾1 = −𝜙,𝐾
1  shows that the incremental stress tensor and electric displacement vector 

depend linearly on the incremental displacement gradient and potential gradient. 

𝐺𝐾𝛼𝐿𝛾 = 𝑥𝛼,𝑀𝜌0
𝜕2𝜓

𝜕𝑆𝐾𝑀𝜕𝑆𝐿𝑁
�
𝑆𝐾𝐿
0 ,𝐸𝐾

0
𝑥𝛾,𝑁+ 𝑇𝐾𝐿0 𝛿𝛼𝛾 + 𝑔𝐾𝛼𝐿𝛾 = 𝐺𝐿𝛾𝐾𝛼, 

This equation can be simplified as 

Γ𝛼𝛽∗  = [𝑐𝐿𝛼𝑀𝛽 + �𝛿𝛼𝛽𝛿𝑀𝑃𝛿𝐿𝑄 + 2𝐶𝐿𝛼𝑀𝑁𝑆𝛽𝑁𝑃𝑄 + 𝑐𝐿𝛼𝑀𝛽𝐸𝐹𝑆𝐸𝐹𝑃𝑄�𝑇𝑃𝑄0 ]𝑁𝑀𝑁𝐿                 (1) 

where Γ𝛼𝛽∗  is the modified Green-Christoffel tensor, and the expression for the modified Green-

Christoffel tensor is equation 1 where 𝑐𝐿𝛼𝑀𝛽 are the second-order elastic constants, 𝑆𝐸𝐹𝑃𝑄 are the 

second-order elastic compliances, 𝑐𝐿𝛼𝑀𝛽𝐸𝐹 are the third-order elastic constants, 𝑁𝑀 are the 

components of the unit propagation vector of the ultrasonic wave, and 𝑇𝑃𝑄0  is the mechanical 

stress tensor of the biasing field. All of these subscripts range from 1 to 3. Solving the eigenvalue 

and eigenvector problem for the tensor Γ𝛼𝛽∗  

                                            (Γ𝛼𝛽∗ − 𝛿𝛼𝛽𝜌0𝑉2)𝑈𝐶 = 0,                                                     (2) 



23 

The propagation of the ultrasonic waves should satisfy the following condition [4, 14-18]. We 

can use variations in the velocity of the volume acoustic waves driven by variations in pressure 

to determine the third-order elastic constants since the observed coefficients are of the form  

                                                          𝛼𝑉𝑖 =
1

𝑉𝑖(0) �
𝑑𝑉𝑖
𝑑𝑝

�
𝑝=0

                                                   (3) 

where 𝑉𝑖(0) is the wave velocity at no biasing loads, and the slope between the wave velocity 

and the mechanical load �𝑑𝑉𝑖
𝑑𝑝
�  includes information about the third-order elastic constants. 

Therefore, by measuring a sufficient number of slopes (>14), one would be able to determine the 

14 independent third-order elastic constants. The explicit form of the expressions for the crystals 

of the point group of symmetry 32 and longitudinal nonpiezoactive waves is given in Tables 4.1 

and 4.2. Analysis of Table 4.1 enables us to say that the given set of equations is an over 

determined system of equations for the 14 independent nonlinear elastic constants corresponding 

to the symmetry class 32. This circumstance will be used to minimize the errors in the 

determination of these constants. [28] 
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CHAPTER 3 

EXPERIMENT METHODOLOGY 

 
Figure 3.1: Schematic of the experimental setup 

 

According to Figure 3.1, Universal Testing Machine Instron 5965 is used to set up the 

test specimen assembly to apply load on it. [29] The system consists of the load frame, 

controller, control panel, load string, Bluehill Software and specimen. Instron 5965 has 

maximum capacity of 5KN with 0.5% uncertainty and two load cells are connected to it to apply 

the pressure. The upper one can apply max. 10KN and lower one can hold max. 100KN. The full 

assembly of specimen, transducer and holder are put between these two load cells. In the 
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experiment, crystallographically oriented samples langasite and langatate in the form of 

parallelepoids measuring approximately 20x20x20 mm3 is used. These samples are obtained 

from SICCAS High Technology Corporation. From Figures 3.2 and 3.3, one specimen is 

approximately a cube with X, Y, and Z faces; the other is cut for a propagation direction in the 

YZ plane at 45° with respect to both Y and Z. The accuracy of the orientation was monitored by 

means of X-ray diffractometer and was not worse than ±15’. The samples are plane parallel to 

not worse than ±2.5 µ/cm; this satisfied the accuracy of the experiment and was verified by 

scanning the uniformity of the stresses that arose through the sample directly during the acoustic 

experiment.  

 
Figure 3.2: Langasite crystal 

 

 

Figure 3.3: Langatate crystal 
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For the excitation and detection of the ultrasonic pulses, two types of ultrasonic 

transducers are used. For longitudinal propagation, Olympus V116 (20MHz, dia .125’’) and for 

the transverse mode Olympus V156 (5 MHz, .25’’) are used. Figure 3.4 shows a detailed look of 

the transducers. The recommended limit of these transducers is approximately 125˚F or 50˚c. 

Internal components are bonded and cured at or near room temperature and are stable at room 

temperature. Elevated temperature can cause the internal components to expand at different rates. 

Due to the varying rates of thermal expansion, stresses can overcome the strength of internal 

bond lines and cause catastrophic failure. Transducers that have been thermally damaged will be 

dead or exhibit extreme loss of sensitivity and cannot be repaired. [21] So for this experiment the 

working temperature is 25±0.1 °C.  

 
Figure 3.4: Olympus V156 and Olympus V116 transducer 

 

For this experiment to get the best waveform and better sound transmission both honey 

and high viscosity shear gel is used. Sometimes standard couplant will not work, because it is a 

liquid. A basic property of a liquid is that it does not support a shear stress. Thus, low viscosity 

liquids such as conventional ultrasonic couplants will not transmit shear waves. To achieve the 

best sound transmission in some cases shear wave couplant (SWC) from Olympus is used. 
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Figure 3.5: Honey and shear gel couplant 
 

The temperature of the specimen is measured by a Fluke 50 series II contact thermo 

meters using 80PJ-1 thermocouple (temperature range -40°F to 500°F) attached to the center of 

the free face of the specimen. The temperature is checked as the load is applied. 

Figure 3.6 shows a detailed photograph of the specimen assembly .In order to realize a 

uniform mechanical load, the sample, loading rod and loading frame must be completely aligned. 

To attach the transducer with the specimen, a small tool holder is used to keep it tight. The 

specimen is mounted on the lower load cell to keep it flat. Above the specimen, a cube with ball 

bearing in Figure 3.8(a) is used to make it aligned to the upper portion of the load cell and to 

distribute uniform load. For longitudinal and horizontal shear wave propagation setup is done 

according to Figure 3.6. However, for vertical shear, a cylindrical stainless steel bar is used to 

make the surface flat for the specimen which is shown in Figure 3.7. The main advantage for this 

cylindrical shape in Figure 3.8(b) is that it has a slot all the way to keep the vertical alignment of 

the transducer with the specimen. 
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Figure 3.6: A detailed look at the sample loaded in the measurement apparatus and placed under 
a mechanical bias. 

 

Figure 3.7: Setup for vertical shear wave transducer 
 

Stainless steel bar  
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Figure 3.8: (a) cube with ball bearing (b) cylindrical shape steel bar 

 

In six cases propagation directions and loading directions are same. Therefore, a different 

kind of setup is established to perform that experiment. A cylindrical transducer holder (Figures 

3.9a & 3.9b) is designed to hold the transducer inside slot .To attach the transducer firmly a 

screw is used from the bottom of the cylindrical bar. After the transducer is attached to the 

cylindrical bar, the whole thing is attached with the lower load cell through a newly customize 

jigs in Figure 3.9(c). This jig has the function to hold the upper cylindrical bar and also pinned 

the lower load cell so that it can firmly attached with the whole machine according to Figures 

3.10 and 3.11. 

 
Figure 3.9: (a) & (b) cylindrical transducer holder (c) jigs to fix the holder 

(a) (b) 

(a) (b) (c) 
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Figure 3.10: Full assembly with cylindrical transducer holder 

 
Figure 3.11: Full assembly for same direction of propagation and loading 

 

To maintain constant temperature for the experiment, the Instron 3119 series heating 

chamber is used; the heating chamber can be controlled by touch panel. Two removable wedges 

Jigs 

Cylindrical  
transducer  
holder 

Ball bearing with  
cube 

Thermocouple 

Crystal sample 

Cylindrical transducer  
holder 

Transducer 
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are used to cover up the upper and lower portion of the chamber; these chambers help to hold the 

inside temperature. Two Inconel sheathed 3 mm diameter type K thermocouples are fitted to the 

chamber, which are positioned at the center of the return air grid. These are connected to the 

temperature controller with touch panel interface. During the experiment, the temperature set 

point is maintained at 25°C whereas temperature stability ±0.1°C. The maximum temperature the 

chamber can go up to is 350°C. 

For sound velocity measurement, an Olympus 5072PR ultrasonic pulser receiver is used 

for superior low noise receiver response and high performance pulser control. The pulser section 

of this instrument generates short, large-amplitude or square wave electrical pulses of selective 

width, which when applied to an ultrasonic transducer, are converted into short ultrasonic pulses. 

The ultrasonic pulses are received by the transmitting transducer after total reflection (pulse-echo 

method). The voltage signals produced by the transducer, which represent the received ultrasonic 

pulses, are amplified by the receiver section. The amplified RF signal is available as output for 

display on Lecroy 804Zi-A oscilloscope.  

The Lecroy 804Zi oscilloscope is used in Figure 3.12 to find out the time of flight from 

the available pick. As the pulse echo method [30] is used to measure the ultrasonic wave 

velocity, the basic quantity measured was the delay time for waves making a round trip within 

the specimen. A cross correlation method based on MATLAB program was developed to 

measure the delay time. The cross correlation method could measure the time delays between 

pairs of ultrasonic pulse-echo signals and could minimize the measuring error. [31] In this 

experiment, the cross-correlation method is used to measure the transit times of echoes. 

Compared with other measuring methods, cross-correlation does not require explicit criteria for 

accepting or rejecting specific features in echoes and it is statically weighted by dominant 
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frequencies common to the waveforms being correlated. Therefore, the cross correlation function 

returns a group velocity within the frequency bandwidth of the signals analyzed and guarantees a 

good measuring result.  

 
Figure 3.12: Screen display of the Lecroy 804Zi-A high speed oscilloscope with embedded 

MATAB program. 
 

Figure 3.1 shows a schematic of the system for applying mechanical stress in to the 

specimen. To apply load on the specimen, Instron Bluehill software is used to make the 

continuous load application on to the system. Bluehill 3 Software controls the Instron testing 

systems for test setup, test control, data collection, result generation and report preparation. The 

test methods, which contain setting measurement parameter, pre-test and test option, are 

generated to apply load into the system. In setting measurement parameters, option Time (s), 

Extension (mm) and Load (N) are fixed to display. For this experiment, preload is used to 

facilitate auto balance. Preload can remove slack in a specimen or remove compressive load on 

the specimen caused by gripping. In this case, control mode load is set at a rate of 15N/min up to 

Acquired 
signal 
First 
echo 

Second 
echo 

Time of 
flight 
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10N changeover criteria. Auto balance automatically occurred after preload and before the test 

starts. After figuring out the pretest, a test profile is created to apply sequential load into the 

specimen. As 10 steps are selected to apply load from 0N to 5000N, 21 inserted blocks are 

graphed into the profile including loading and unloading block. For every loading block 500N is 

applied at a rate of 3 N/S. After every single load block a hold block is used to hold the applying 

load for 40s. During holding time data for time of flight is taken from the oscilloscope. In this 

way 10 more steps are introduced between two increasing load block. After 20 block an 

unloading block is used to unload the specimen from 5000N to 0N at a rate of 20N/s.  

 In this kind of experiment, it is important to find out the good waveform and 

measurement accuracy to get a time of flight. Good waveform depends on the settings of the 

pulser-receiver and oscilloscope. For this experiment, the pulser-receiver settings are set up 

according to pulse repetition frequency control (PRF) = 500, which gives a bright oscilloscope 

trace at fast sweep rates as the specimen dimension  less than 25mm. The setup value for energy 

is 1. As high energy transducer 5MHz and 20MHz is used in this experiment, low pulse energy is 

essential. Excessive pulse energy broadens pulse width and increases the recovery time after the 

main bang. Higher damping resistance typically increases signal voltage and width and also 

enhances the resolution and main bang recovery. So damping value is 7. Gain is set up at the 

range between +20 (dB) to +30 (dB). Low pass filter (LPF) is indicated towards 10MHz 

selectable cut off frequency. High pass filter (HPF) is indicated towards out position and mode 

switch selected to the pulse-echo.    

The oscilloscope was connected to the internet through standard UTP CAT 6 cable. The 

trigger setup for longitudinal transducer is simple, edge trigger; coupling is DC with negative 

polarity. The trigger level is maintained to -410 mV. Coupling is set up at DC 50Ω. For 
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horizontal and vertical shear, width trigger setup is used. The edge trigger level is maintained 

like in the longitudinal wave. For stability in the width trigger condition, a lower value greater 

than 150ns is set. The time base setup is fixed in real time sampling mode. Time per division 

setup for 40 GS/s is 2µs, delay -7.04 µ .The waveform in the oscilloscope is shown using two 

zoom sections Z2 & Z3.These zoom sections are used to calculate time of flight by cross 

correlation method in MATLAB.  

During the experiment, 100 sweeps and normal mode of the trigger condition are used. In 

normal mode the oscilloscope only sweeps if the input signal reaches the set trigger point; 

otherwise the screen is frozen on the last acquired waveform. Normal mode can be disorienting if 

the level control is not adjusted correctly. Auto mode is not selected in this case because this 

mode causes the oscilloscope to sweep, even without a trigger. If no trigger is present, a timer in 

the oscilloscope triggers the sweep. 

 The heating chamber is set up to 25°C to get constant temperature. When the software is 

used to apply load into the specimen through universal testing machine, the reading for the time 

of flight is taken during waiting period of 40s.This delay is used for the stability in time of flight. 

This time of flight is used to plot stress vs. velocity curve to find out the coefficient of control αvi 

for La3Ga5SiO14 and La3Ga5.5Ta0.5O14 single crystal.  
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CHAPTER 4 

DATA COLLECTION FROM OSCILLOSCOPE AND DATA ANALYSIS 

 
Figure 4.1: A typical pulse echo train for the langatate sample. 

 

Figure 4.1 shows a typical pulse echo train observed for a cube-shaped langatate sample. 

The sample rate of the digital oscilloscope is 40 Gs/s, which is significantly higher than the 20 

MHz nominal frequency of the highest frequency transducer used to generate any pulsed 

acoustic wave.To measure the time of flight between echo 1 and 2, the cross correlation method 

[15] (as shown in Figure 4.2) is applied.  

-10 0 10 20 30 40 50 60 70
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Time (µs)

Am
pl

itu
de

Echo 1 Echo 2 



36 

 

Figure 4.2:  The cross correlation function for the first two echoes of the LGT sample. 
 

To improve the accuracy, parabolic interpolation of primary peak of the cross correlation 

function (as shown in Figure 4.3) is used.  

 Y(0) is the primary peak point of the cross correlation function, and Y(-1) and Y(1) are 

sample points beside the primary peak point. In principle, by sampling at an even higher 

frequency such as to obtain 20 sample points between points Y(-1) and Y(1), the resolution could 

be improved 10 times.  However, the final resolution of the time-of-flight (TOF) measurements 

also depends on the stability of the source signal used to generate the pulsed acoustic waveform. 

To account for this, at any given pressure, the TOF is measured 30 times in Figure. 4.4 and the 

standard deviation of the measured set of TOFs is used as the uncertainty of the TOF 

measurement. In this experiment, the uncertainty of the TOF measurements was found to be 2 ps, 

which is more than sufficient to resolve the changes in TOF (typically tens to hundreds of ps 

change per 500 N force increment) arising from the changes in the biasing force. 
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Figure 4.3: Parabolic interpolation of the main peak of the cross correlation function. 

 

 
Figure 4.4 The time of flight measurement data in 30 single measurements. 
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Tables 4.1 and 4.2 showed a complete result for a langatate and a langasite crystal 

sample. There are 24 different propagation directions N and pressure directions P for each 

crystal. The mode in the Tables 4.1 and 4.2 is defined as which wave will go through the crystal 

specimen. In this experiment it is used as for quasi-longitudinal (QL), shear (S) and quasi shear 

(QS). In Figure 4.5 an example is showed how to find out the propagation direction (N) and 

loading direction (P) in crystal specimen. Here the propagation direction is N-[010] and loading 

direction P-[001]. 

 
Figure 4.5 : Selection of propagation direction (N) and loading direction (P) to send ultrasound 
through the crystal specimen. 

 

In order to obtain the ratio (slope) of wave velocity and stress and the related uncertainty, 

the linear regression method developed by York[33] is used, in which both the uncertainties of 

wave velocity and stress have been included to estimate the uncertainly of the slopes. After the 

uncertainties for the slopes are determined, they are then used with the uncertainty of the wave 
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speed at zero load to calculate the uncertainty of the coefficients of control of the velocity of the 

volume acoustic waves by pressure 𝛼𝑉𝑖
𝜏  .[40] 

Table 4.1 Coefficient of control 𝛼𝑉𝑖
𝜏 for La3Ga5SiO14 single crystal 

Vi Mode N 
 

U P  Vi (0), 
m/s 
(Sorokin) 

Vi (0), 
m/s 

Standar
d error 
Vi (0), 
m/s 

αvi ,10-12  
1/N 
(Sorokin) 

αvi , 
10-12  
1/N 

Standard 
error 

V1 QL 001  100 6746.7 6736.8 0.3 -2.8 -2.8 0.2 

V2 S 001 100 100 3052.2 3066.6 0.1 -6.3 -6.1 0.2 
V3 QS 001  100 3052.2 3060.2 0.1 12.0 9.9 0.3 

V4 QL 001  010 6746.7 6784.9 0.3 -2.8 -1.5 0.9 

V5 S 001 100 010 3052.2 3068.3 0.1 12.0 9.4 0.5 

V6 QS 001  010 3052.2 3061.5 0.1 -6.3 -6.2 0.4 

V7 S 100  010 3311.5 3317.8 0.1 1.3 0.9 0.4 

V8 S 100  010 2379.6 2388.7 0.2 15.5 12.3 0.4 

V9 S 100  001 3311.5 3321.3 0.1 -3.6 -6.7 0.6 

V10 S 100  001 2379.6 2389.5 0.2 -3.9 -16.2 0.3 

V11 QL 010  100 5755.3 5796.5 0.3 5.4 4.9 0.1 

V12 QS 010  100 3009.9 3028.8 0.1 16.4 21.5 0.4 

V13 QL 010  001 5755.3 5792.6 0.3 1.0 0.6 0.1 

V14 QS 010  001 3009.9 3016.5 0.1 -10.1 -13.7 0.6 

V15 QL 0, 
1/√2, 
1/√2 

 100 6312.8 6305.2 0.3 -0.5 -0.2 1.1 

V16 QS 0,1/√
2,1/√
2 

  100 3332.0 3336.8 0.2 -3.7 -4.8 0.6 

V17 QL 0,-
1/√2,
1/√2 

  100 5963.3 5953.7 0.3 10.4 8.7 0.5 

V18 QS 0,-
1/√2,
1/√2 

  100 3231.2 3285.8 0.2 1.5 2.9 0.2 

V19 S 100  100 3311.5 3327.3 0.2 -8.3 -40.5 0.7 

V20 S 100  100 2379.6 2392.3 0.3 -29.4 -22.6 0.9 
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V21 QL 010  010 5755.3 5754.2 0.3 -12.2 -42.8 1.0 

V22 QS 010  010 3009.9 3017.9 0.3 -19.2 -36.5 0.6 

V23 L 001  001 6746.7 6768.4 0.3 -8.2 -35.0 0.6 

V24 S 001  001 3052.2 3065.8 0.3 -16.3 -33.5 0.9 

 

 
Figure 4.6: The relation between stress (MPa) vs Δv/vo according to 24 cases from Table 4.1.  
From V19 to V24 1500N preload is used to get the time of flight from the crystal. 
 

The data given in Table 4.1 are used to calculate on MATLAB to find out the nonlinear 

elastic constants of Table 4.2 using the relations of Appendices B and C. Figure 4.5 shows the 

dependencies of the velocities of the elastic waves on pressure has a linear nature.  

Table 4.2: Coefficient of control 𝛼𝑉𝑖
𝜏 for La3Ga5.5Ta0.5O14 single crystal 

Vi Mode N u P Vi(0) 
m/s 

Standard 
error 
Vi(0) 
m/s 

𝛼𝑉𝑖  10−12 
 1/𝑁 

Standard 
error 
𝛼𝑉𝑖  10−12 

 1/𝑁 
1 QL [001] [001] [100] 6505.4 0.3 -5.1 0.4 
2 HS [001] [010] [100] 2877.7 0.1 6.3 0.2 
3 VS [001] [100] [100] 2879.9 0.1 2.0 0.3 
4 QL [001] [001] [010] 6507.2 0.3 -5.1 0.6 
5 HS [001] [100] [010] 2878.3 0.1 7.6 0.5 
6 VS [001] [010] [010] 2880.9 0.1 2.5 0.5 
7 VS [100] [0 -0.8 0.5] [010] 2254.7 0.1 13.7 0.5 
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8 HS [100] [0 0.5 0.8] [010] 3126.9 0.2 1.8 0.1 
9 HS [100] [0 -0.8 0.5] [001] 2256.2 0.1 -11.8 0.2 
10 VS [100] [0 0.5 0.8] [001] 3100.5 0.2 -6.0 0.1 
11 QL [010] [0 -0.99 

0.09] 
[100] 5555.7 0.3 7.5 0.3 

12 HS [010] [0 -0.09 -
0.99] 

[100] 2838.7 0.1 41.7 0.6 

13 QL [010] [0 -0.99 
0.09] 

[001] 5557.9 0.3 3.3 0.6 

14 VS [010] [0 -0.09 -
0.99] 

[001] 2838.7 0.1 -15.7 0.7 

15 QL [0 1/√2 1/
√2] 

[0 0.57 
0.81] 

[100] 5788.7 0.3 7.8 1.1 

16 HS [0 1/√2 1/
√2] 

[0 0.81 -
0.57] 

[100] 3077.6 0.2 -4.4 0.6 

17 QL [0 −1/√2 
1/√2] 

[0 -0.65 
0.75] 

[100] 6120.6 0.3 -4.7 0.5 

18 HS [0 −1/√2 
1/√2] 

[0 -0.75 
0.65] 

[100] 3171.7 0.2 -9.8 0.4 

19 YS [100] [0 -0.8 0.5] [100] 2345.4 0.2 16.7 0.4 
20 ZS [100] [0 0.5 0.8] [100] 3138.6 0.3 55.0 1.0 
21 QL [010] [0 -0.99 

0.09] 
[010] 5576.9 0.3 -38.3 1.6 

22 ZS [010] [0 -0.09 -
0.99] 

[010] 2847.2 0.3 -33.2 0.8 

23 L [001] [001] [001] 6558.9 0.3 -30.2 1.8 
24 YS [001] [010] [001] 2890.9 0.3 -39.7 0.9 
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Figure 4.7: The relation between stress (MPa) vs Δv/vo according to 24 cases from Table 4.2.  
For V19, V20, V22 & V24 750N preload is used to get the time of flight from the crystal. 
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CHAPTER 5 

CONCLUSION AND FUTURE RESEARCH 

 An apparatus to precisely measure ultrasonic wave velocities in piezoelectric single 

crystals under varying uniaxial load has been designed and built. The apparatus includes two key 

improvements in the scientific instrumentation: (1) improved alignment of the applied uniaxial 

bias and (2) the use of the cross-correlation method in analyzing the data in order to more 

precisely determine the time of flight and corresponding ultrasound wave speed. The apparatus 

has been used successfully to measure the linear wave velocity versus stress relation such as to 

enable the accurate extraction of the third-order elastic constants of the single crystals langasite 

and langatate. The typical measurement results presented here illustrate the improved precision 

in determining the coefficients controlling the bulk acoustic wave velocities, consistent with an 

uncertainty analysis based on York’s linear regression method. The apparatus can be used to 

measure the third-order elastic constants of other materials as well. The measurement result 

present here for LGS and LGT illustrate the improved precision in determining the coefficients 

controlling the bulk acoustic wave velocities, consistent with an uncertainty analysis based on 

York’s linear regression. [29] 

 By the comparison of coefficient of control 𝛼𝑉𝑖
𝜏 of langasite with Sorokin’s result, a large 

difference is found from V19 to V24 for LGS are 3 to 4 times higher than that of Sorokin’s one.  

This is due to the change of experimental setup for last six orientations. Similarly for velocity of 

LGT, there is similar result like LGS from V19 to V24 .So from the Tables 4.1 and 4.2 

experimental data, third-order elastic constant will be calculated for LGS & LGT. So in this 

thesis a new set of coefficient of control of the velocity 𝛼𝑉𝑖 for langatate (LGT) sample is 

described. Standard error is more than 1.0 in four cases. But other standard error is in range. 
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Second-order elastic constants (SOE) can be calculated using the new velocity for both LGS and 

LGT. After that, third-order elastic constants (TOEC) will be calculated using new set of SOE.   
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APPENDIX A 

CONSTANTS OF LINEAR ELECTROMECHANICAL PROPERTIES OF La3Ga5SiO14 

SINGLE CRYSTAL [34]
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𝐶𝜇𝜈, 1010 

N/m2 

C11 C12 C13 C14 C33 C44 C66 

18.875 10.475 9.589 -1.412 26.14 5.35 4.2 

 

𝑆𝜇𝜈, 10-12 

m2/N 

S11 S12 S13 S14 S33 S44 S66 

8.1 -3.15 -1.6 3.45 5.03 20.5 22.5 

 

Constants of linear electromechanical properties of La3Ga5.5Ta0.5O14 single crystal. [39] 

𝐶𝜇𝜈, 1010 

N/m2 

C11 C12 C13 C14 C33 C44 C66 

193.0 112.8 104.3 14.06 265.14 51.01 40.12 

 

𝑆𝜇𝜈, 10-10 

m2/N 

S11 S12 S13 S14 S33 S44 S66 

0.0914 -0.0467 -0.0176 -0.0380 0.0516 0.2170 0.2759 
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APPENDIX B  

EXPRESSIONS FOR 𝛼𝑉𝑖
𝜏  FOR CRYSTALS OF THE POINT GROUP OF SYMMETRY 32 [7]
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Vi Mode N U P 𝛼𝑉𝑖
𝑟 =

1
𝑉𝑖(0)

𝑑𝑉𝑖
𝑑𝑃

 

1 2 3 4 5 6 

1  [001]  [100] 
1

2𝜆1(0)
𝛼3333 

2  [001] [100] [100] 
1

2𝜆2(0)
𝛼3311 

3  [001]  [100] 
1

2𝜆3(0)
𝛼3322 

4  [001]  [010] 
1

2𝜆4(0)
𝛽3333 

5  [001] [100] [010] 
1

2𝜆5(0)
𝛽3311 

6  [001]  [010] 
1

2𝜆6(0)
𝛼3322 

7  [100]  [010] 

1
4𝜆7(0) (𝛽1122 + 𝛽1133 + 𝐴(𝛽1122 − 𝛽1133)

+ 𝐵(𝛽1123 + 𝛽1132)) 

8  [100]  [010] 

1
4𝜆8(0) (𝛽1122 + 𝛽1133 − 𝐴(𝛽1122 − 𝛽1133)

− 𝐵(𝛽1123 + 𝛽1132)) 

9  [100]  [001] 

1
4𝜆9(0) (𝛾1122 + 𝛾1133 + 𝐴(𝛾1122 − 𝛾1133)

+ 𝐵(𝛾1123 + 𝛾1132)) 
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10  [100]  [001] 

1
4𝜆10(0) (𝛾1122 + 𝛾1133 − 𝐴(𝛾1122 − 𝛾1133)

− 𝐵(𝛾1123 + 𝛾1132)) 

11  [010]  [100] 

1
4𝜆11(0) (𝛼2222 + 𝛼2233 + 𝐷(𝛼2222 − 𝛼2233)

+ 𝐸(𝛼2223 + 𝛼2232)) 

12  [010]  [100] 

1
4𝜆12(0) (𝛼2222 + 𝛼2233 − 𝐷(𝛼2222 − 𝛼2233)

− 𝐸(𝛼2223 + 𝛼2232)) 

13  [010]  [001] 

1
4𝜆13(0) (𝛾2222 + 𝛾2233 + 𝐷(𝛾2222 − 𝛾2233)

+ 𝐸(𝛾2223 + 𝛾2232)) 

14  [010]  [001] 

1
4𝜆14(0) (𝛾2222 + 𝛾2233 − 𝐷(𝛾2222 − 𝛾2233)

− 𝐸(𝛾2223 + 𝛾2232)) 

15  [0,
1
√2

,
1
√2

]  [100] 

1
8𝜆15(0) [(1 + 𝐹)(𝛼2222 + 𝛼2322 + 𝛼3322)

+ (1 + 𝐹)(𝛼2233 + 𝛼2333 + 𝛼3333)

+ 𝐺(𝛼2223 + 𝛼2323 + 𝛼3323 + 𝛼2232

+ 𝛼2332 + 𝛼3332)] 

16  [0,
1
√2

,
1
√2

]  [100] 

1
8𝜆16(0) [(1 − 𝐹)(𝛼2222 + 𝛼2322 + 𝛼3322)

+ (1 + 𝐹)(𝛼2233 + 𝛼2333 + 𝛼3333)

− 𝐺(𝛼2223 + 𝛼2323 + 𝛼3323 + 𝛼2232

+ 𝛼2332 + 𝛼3332)] 



50 

17  [0,−
1
√2

,
1
√2

]  [100] 

1
8𝜆17(0) [(1 + 𝐾)(𝛼2222 − 𝛼2322 + 𝛼3322)

+ (1 − 𝐾)(𝛼2233 − 𝛼2333 + 𝛼3333)

−𝑀(𝛼2223 − 𝛼2323 + 𝛼3323 + 𝛼2232

− 𝛼2332 + 𝛼3332)] 

18  [0,−
1
√2

,
1
√2

]  [100] 

1
8𝜆17(0) [(1 − 𝐾)(𝛼2222 − 𝛼2322 + 𝛼3322)

+ (1 + 𝐾)(𝛼2233 − 𝛼2333 + 𝛼3333)

−𝑀(𝛼2223 − 𝛼2323 + 𝛼3323 + 𝛼2232

− 𝛼2332 + 𝛼3332)] 

19  [100]  [100] 

1
4𝜆19(0) ((1 + 𝐴)𝛼1122 + (1 − 𝐴)𝛼1133

+ 𝐵(𝛼1123 + 𝛼1132)) 

20  [100]  [100] 

1
4𝜆20(0) ((1 − 𝐴)𝛼1122 + (1 + 𝐴)𝛼1133

− 𝐵(𝛼1123 + 𝛼1132)) 

21  [010]  [010] 

1
4𝜆21(0) ((1 + 𝐷)𝛽2222 + (1 − 𝐷)𝛽2233

+ 𝐸(𝛽2223 + 𝛽2232)) 

22  [010]  [010] 

1
4𝜆22(0) ((1 − 𝐷)𝛽2222 + (1 + 𝐷)𝛽2233

− 𝐸(𝛽2223 + 𝛽2232)) 

23  [001]  [001] 
1

2𝜆23(0)
𝛾3333 
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24  [001]  [001] 
1

2𝜆24(0)
𝛾3311 
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APPENDIX C  

NOTATION ADOPTED IN APPENDIX B [7]
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𝛼3311 = (2𝐶44 + 𝐶155)𝑆11 + 𝐶144𝑆12 − 𝐶444𝑆14 + 𝐶344𝑆13 

 

𝛼3322 = (2𝐶44 + 𝐶155)𝑆12 + 𝐶144𝑆11 + 𝐶444𝑆14 + 𝐶344𝑆13 

 

𝛼3323 = 𝐶44𝑆14 + 𝐶134(𝑆11 − 𝑆12) + 𝐶344𝑆14 

 

𝛼3332 = 𝐶33𝑆14 + 𝐶134(𝑆11 − 𝑆12) + 𝐶344𝑆14 

 

𝛼3333 = 2𝐶33𝑆13 + 𝐶133(𝑆12 + 𝑆11) + 𝐶333𝑆13 

 

𝛼2222 = 2𝐶11𝑆12 − 𝐶14𝑆14 + (𝐶111 + 𝐶112 − 𝐶222)𝑆11 + 𝐶222𝑆12 − (𝐶114 + 2𝐶124)𝑆14 + 𝐶113𝑆13 

 

𝛼2223 = 𝐶11𝑆14 − 2𝐶14𝑆13 + 𝐶124𝑆11 − (𝐶114 + 2𝐶123)𝑆12 + 𝐶155𝑆14 − 𝐶134𝑆13 

 

𝛼2232 = 𝐶44𝑆14 − 2𝐶14𝑆12 + 𝐶124𝑆11 − (𝐶114 + 2𝐶124)𝑆12 + 𝐶155𝑆14 − 𝐶134𝑆13 

 

𝛼2223 = 𝛽1133 = 2𝐶44𝑆13 − 𝐶14𝑆14 + 𝐶144𝑆11 + 𝐶155𝑆12 + 𝐶144𝑆14 + 𝐶344𝑆13 

 

𝛼2322 = (𝐶13 + 𝐶44)𝑆14 − 4𝐶1𝑆12 + 2𝐶124𝑆11 − 2(𝐶114 + 2𝐶124)𝑆12 + 2𝐶155𝑆14 − 2𝐶134𝑆13 

 

𝛼2323 = 2(𝐶13 + 𝐶44)𝑆13 − 2𝐶14𝑆14 + (𝐶123 + 𝐶144)𝑆11 + (𝐶113 + 𝐶155)𝑆12 + (𝐶144−𝐶134)𝑆14

+ (𝐶133 + 𝐶344)𝑆13 
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𝛼2332 = 2(𝐶44 + 𝐶13)𝑆12 + (𝐶123 + 𝐶144)𝑆11 + (𝐶133 + 𝐶155)𝑆12 + (𝐶144−𝐶134)𝑆14 + (𝐶133

+ 𝐶344)𝑆13 

 

𝛼2333 = (𝐶44 + 𝐶13)𝑆14 + 2𝐶134(𝑆11 − 𝑆12) + 2𝐶344𝑆14 

 

𝛼1122 = 1 + 2𝐶66𝑆12 + 𝐶14𝑆14 +
1
4

(3𝐶222 − 2𝐶111 − 𝐶112)𝑆11 +
1
4

(2𝐶111 − 𝐶112 − 𝐶222)𝑆12

+ 𝐶124𝑆14 +
1
2

(𝐶113 − 𝐶123)𝑆14 + 𝐶113𝑆13 

 

𝛼1123 = 𝐶66𝑆14 + 2𝐶14𝑆13 +
1
2

(𝐶114 + 3𝐶124)𝑆11 +
1
2

(𝐶114 − 𝐶124)𝑆12 + (𝐶155 − 𝐶144)𝑆14

+ 𝐶134𝑆13 

𝛼1132 = 2𝐶14𝑆12 + 𝐶44𝑆14 +
1
2

(𝐶114 + 3𝐶124)𝑆11 +
1
2

(𝐶114 − 𝐶124)𝑆12 + (𝐶155 − 𝐶144)𝑆14

+ 𝐶134𝑆13 

 

𝛼2223 = 1 + 𝐶14𝑆14 + 2𝐶44𝑆13 + 𝐶155𝑆11 + 𝐶144𝑆12 − 𝐶344𝑆13 

 

𝛽1122 = 2𝐶66𝑆11 − 𝐶14𝑆14 +
1
4

(3𝐶222 − 2𝐶111 − 𝐶112)𝑆12 +
1
4

(2𝐶111 − 𝐶112 − 𝐶222)𝑆11

− 𝐶124𝑆14 +
1
2

(𝐶113 − 𝐶123)𝑆13 

 

𝛽1123 = 2𝐶14𝑆13 − 𝐶66𝑆14 +
1
2

(𝐶114 + 3𝐶124)𝑆12 +
1
2

(𝐶114 − 𝐶124)𝑆11 − (𝐶155 − 𝐶144)𝑆14

+ 𝐶134𝑆13 
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𝛽1132 = 2𝐶14𝑆11 − 𝐶44𝑆14 +
1
2

(𝐶114 + 3𝐶124)𝑆12 +
1
2

(𝐶114 − 𝐶124)𝑆11 − (𝐶155 − 𝐶144)𝑆14

+ 𝐶134𝑆13 

 

𝛽3311 = (2𝐶44 + 𝐶155)𝑆12 + 𝐶144𝑆11 + 𝐶444𝑆14 + 𝐶344𝑆13 

 

𝛽3322 = 2𝐶44𝑆11 + 𝐶155𝑆13 + 𝐶144𝑆12 − 𝐶444𝑆14 + 𝐶344𝑆13 

 

𝛽3333 = 2𝐶33𝑆13 + 𝐶133(𝑆12 + 𝑆11) + 𝐶333𝑆13 

 

𝛽2222 = 1 + 2𝐶11𝑆11 + 𝐶14𝑆14 + (𝐶111 + 𝐶112 − 𝐶222)𝑆12 + 𝐶222𝑆11 + (𝐶114 + 2𝐶124)𝑆14

+ 𝐶113𝑆13 

 

𝛽2223 = −𝐶11𝑆14 − 2𝐶14𝑆13 + 𝐶124𝑆12 − (𝐶114 + 2𝐶124)𝑆11 − 𝐶155𝑆14 − 𝐶134𝑆13 

 

𝛽2232 = −2𝐶14𝑆11 − 𝐶44𝑆14 + 𝐶124𝑆12 − (𝐶114 + 2𝐶124)𝑆11 − 𝐶155𝑆14 − 𝐶134𝑆13 

 

𝛽2232 = 1 + 𝐶14𝑆14 + 2𝐶144𝑆12 + 𝐶144𝑆12 + 𝐶155𝑆11 − 𝐶444𝑆14+ 𝐶344𝑆13 

 

𝛾1122 = 2𝐶66𝑆13 +
1
2

(𝐶222 − 𝐶112)𝑆13 +
1
2

(𝐶113 − 𝐶123)𝑆33 

 

𝛾1132 = −𝛾2222 = 2𝐶14𝑆33 + (𝐶114 + 𝐶124)𝑆13 + 𝐶134𝑆33 
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𝛾1132 = −𝛾2232 = 2𝐶14𝑆13 + (𝐶114 + 𝐶124)𝑆13 + 𝐶134𝑆33 

 

𝛾1133 = 𝛾2233 = 2𝐶44𝑆33 + (𝐶155 + 𝐶144)𝑆13 + 𝐶344𝑆33 

 

𝛾2222 = 2𝐶11𝑆13 + (𝐶111 + 𝐶112)𝑆13 + 𝐶113𝑆33 

 

𝛾3311 = 1 + 2𝐶44𝑆13 + (𝐶155 + 𝐶144)𝑆13 + 𝐶344𝑆33 

 

𝛾3333 = 1 + 2𝐶33𝑆33 + 2𝐶133𝑆13 + 𝐶333𝑆33 

 

𝐴 =
𝐶66 − 𝐶44

((𝐶66 − 𝐶44)2 + 4𝐶142 )1/2 

 

𝐵 =
2𝐶14

((𝐶66 − 𝐶44)2 + 4𝐶142 )1/2 

 

𝐷 =
𝐶11 − 𝐶14

((𝐶11 − 𝐶44)2 + 4𝐶142 )1/2 

 

𝐸 =
−2𝐶14

((𝐶11 − 𝐶44)2 + 4𝐶142 )1/2 

 

𝐹 =
1
2

𝐶11 − 2𝐶14 − 𝐶33

(1
4 (𝐶11 − 2𝐶14 − 𝐶33)2 + (𝐶13 + 𝐶44 − 𝐶14)2)1/2
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𝐺 =
𝐶13 + 𝐶44 − 𝐶14

(1
4 (𝐶11 − 2𝐶14 − 𝐶33)2 + (𝐶13 + 𝐶44 − 𝐶14)2)1/2

 

 

𝐾 =
1
2

𝐶11 + 2𝐶14 − 𝐶33

(1
4 (𝐶11 + 2𝐶14 − 𝐶33)2 + (𝐶13 + 𝐶44 + 𝐶14)2)1/2

 

 

𝑀 =
−(𝐶13 + 𝐶44 + 𝐶14)

(1
4 (𝐶11 + 2𝐶14 − 𝐶33)2 + (𝐶13 + 𝐶44 + 𝐶14)2)1/2

 

 

𝜆1(0) = 𝜆4(0) = 𝜆23(0) = 𝐶33 

 

𝜆2(0) = 𝜆3(0) = 𝜆5(0) = 𝜆6(0) = 𝜆24(0) = 𝐶44 

 

𝜆7(0) = 𝜆4(0) = 𝜆23(0) =
1
2

(𝐶44 + 𝐶66) +
1
2

((𝐶44 − 𝐶66)2 + 4𝐶142 )1/2 

 

𝜆8(0) = 𝜆10(0) = 𝜆20(0) =
1
2

(𝐶44 + 𝐶66) −
1
2

((𝐶44 − 𝐶66)2 + 4𝐶142 )1/2 

 

𝜆11(0) = 𝜆13(0) = 𝜆21(0) =
1
2

(𝐶11 + 𝐶44) +
1
2

((𝐶11 − 𝐶44)2 + 4𝐶142 )1/2 

 

𝜆12(0) = 𝜆14(0) = 𝜆22(0) =
1
2

(𝐶11 + 𝐶44) −
1
2

((𝐶11 − 𝐶44)2 + 4𝐶142 )1/2 
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𝜆15(0) =
1
4

(𝐶11 − 2𝐶14 + 2𝐶44 + 𝐶33) +
1
4

(2𝐶14 − 𝐶11 + 𝐶33)2 + 4((𝐶13 + 𝐶44 − 𝐶14)2)1/2 

 

𝜆16(0) =
1
4

(𝐶11 − 2𝐶14 + 2𝐶44 + 𝐶33) −
1
4

(2𝐶14 − 𝐶11 + 𝐶33)2 + 4((𝐶13 + 𝐶44 − 𝐶14)2)1/2 

 

𝜆17(0) =
1
4

(𝐶11 + 2𝐶14 + 2𝐶44 + 𝐶33) +
1
4

(2𝐶14 + 𝐶11 − 𝐶33)2 + 4((𝐶13 + 𝐶44 + 𝐶14)2)1/2 

 

𝜆18(0) =
1
4

(𝐶11 + 2𝐶14 + 2𝐶44 + 𝐶33) −
1
4

(2𝐶14 + 𝐶11 − 𝐶33)2 + 4((𝐶13 + 𝐶44 + 𝐶14)2)1/2 
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