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Abstract 
 

In this thesis, a Nonlinear Acoustic Technique (NAT) has been used to 

do a non-destructive quality assurance of plasticized polyvinyl chloride 

(PVC) specimens. The response of the specimen to an ultrasonic wave is 

analyzed in order to characterize its material properties. The analysis 

focuses on finding out linear and non-linear properties of the propagated 

ultrasound wave, such as the second order nonlinearity parameter (β) and 

the sound velocity. The outcomes agree well with the actual properties of 

specimens in terms of: degree of molecular dispersion of plasticizing 

agent, non-mixed granulates and the volume fraction of air in strands. As 

conclusion, it was shown that non-linear acoustic method can be used for 

predicting mechanical properties of extruded plasticized PVCs. 

Furthermore, acoustic measurements can be used as on-line 

measurements during the manufacturing process. It will lead to: 

increased profit, saved time, less energy and lower costs. 
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1 Notation 

 
     Amplitude of the ultrasonic wave 

   ,     Amplitude of fundamental frequency   

     in displacement signal 

   ,     Amplitude of second harmonic frequency   

     in displacement signal 

        Un-attenuated amplitude of fundamental frequency  

     in displacement signal 

      Un-attenuated amplitude of second harmonic     

frequency in displacement signal 

B/A   Second order nonlinearity parameter  

c   Wave sound velocity 

°C   Degree centigrade 

     Distance at position 1 

     Distance at position 2 

E   Young’s Modulus 

f   Frequency 

     Resonance frequency number 0 

     Resonance frequency number i 

G   Shear modulus 

i   Number of resonance frequency between position 0  

   and i  

k   Wave number 

K   Coefficient of stiffness 

L,      Wave propagation distance 

n   Number of resonance frequency  

     Number of resonance frequency until frequency  

   number 0  

      Number of resonance frequency until frequency  

   number i  

u   Wave displacement 

      Initial wave displacement 

     The first order perturbation solution 

      Peak to peak value of signal 

      
   Peak to peak value of ultrasound wave at position 1 

      
   Peak to peak value of ultrasound wave at position 2 
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X - ray   Form of electromagnetic radiation 

x   Wave propagation distance 

     Attenuation Coefficient 

      Attenuation Coefficient in fundamental frequency 

      Attenuation Coefficient in second harmonic  

      Attenuation coefficient at single frequency    

      Attenuation coefficient at single frequency    

β   Second order nonlinear acoustic parameter 

γ – ray   Form of electromagnetic radiation 

ε   Strain 

ϭ   Dimensionless distance parameter 

σ   Stress 

ρ   Density 

    Wavelength 

     Wavelength of fundamental frequency  

      Wavelength of resonance frequency number i 

ω   Angular frequency 

     Time delay 

 

 

Indices 

 

s   Solid 

 

 

Abbreviations 

 

AC   Alternating Current 

CAT   Computer-Aided Tomography 

ch1   Channel1 

ch2   Channel2 

dB   Decibel 

EMAT   electromagnetic acoustic transducers 

G   Granit (name of sample) 

Hz   Hertz 

IQ   Intelligent Quality 

KHz   Kilo Hertz 

m   Meter 

M   Micra (name of sample) 

http://en.wikipedia.org/wiki/Electromagnetic_spectrum
http://en.wikipedia.org/wiki/Electromagnetic_spectrum
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MHz   Mega Hertz 

ms   Millisecond 

m/s   Meter/second 

NAT   Non-linear Acoustic Technique 

nep   Neper 

NDE   Non-Destructive Evaluation 

O   Optima (name of sample) 

rad   Radian 

s   Second 

PVC   polyvinyl chloride 

PZ   Piezoceramic 

V   Vylon (name of sample) 

v   Volt  
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2 Introduction 

 
2.1 Thesis topic preface 

 
“Nondestructive testing (NDT) is the process of inspecting, testing, or 

evaluating materials, components or assemblies for discontinuities, or 

differences in characteristics without destroying the serviceability of the 

part or system.” [1]  
 

We use NDE not only in industry, but also in our daily lives, when we want 

to check the ripeness of melons at grocery store. First, we look all over it 

for flaws detection; which is visual NDE, then tap it and listen to the 

response; that is acoustic. But there is one point here, that flawed melons 

are also sold. That is because of different standards that every inspector 

uses. Therefore it can be concluded that inspection should be divorced from 

human judgment to lead to the same results.  
 

NDE is one of the common diagnostic tools in medical industry, such as X-

ray, magnetic resonance imaging, computer-aided tomography (CAT) scan 

and ultrasound. Choosing appropriate NDE method for examining integrity 

of products is the first stage that should be done in this procedure. It can be 

started by considering the physical nature of the materials and its types of 

discontinuities. The other items which should be investigated are the 

physical interaction between the probing field and the test material, the 

limitations and potentials of available NDE methods, and consideration of 

economics, environmental and other factors.  
 

The main NDE methods of inspection are Visual, Liquid penetrant, 

Magnetic particle, Radiographic (X-ray and γ-ray), Eddy current, 

Ultrasonic and Thermographic inspection [2], [3]. In this thesis ultrasonic 

inspection has been applied.  
 

In order to characterize mechanical material properties such as flaw, 

elasticity, thickness, density etc, an ultrasonic method is used. In this 

method a sound wave with frequency which is inaudible for human 

propagates through the material. Application of this method is found in 

many fields of industry such as fabrication, piping, aircraft, railroad, power 

and so on [2]. Generation of the sound wave can be done by using different 

methods, of which the piezoelectric has been used in this experiment. A 

piezoelectric material can convert the electrical voltage to a sound wave 
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and vice versa. The nonlinear behavior of the materials has been monitored 

by using digital signal processing. 

 

 

2.2 Reason of doing thesis  

 
Nondestructive evaluation (NDE) has reached to higher level of importance 

in different fields. It has introduced as strong method for quality assurance 

and quality control of materials in their life time. It can be used to apply 

required maintenances and repairs, prior to materials fatigues or parallel to 

their productions. This is one of the strong motivations for doing this thesis 

and get familiar with this field of science.  

 

 

2.3 Thesis topic  

 
Possibility of using Nonlinear Acoustic Techniques (NAT) for quality 

assurance of extruded polyvinyl chloride (PVC) is investigated in this 

thesis.  

 

 

2.4 Goals to be achieved  

 
The approach which is used should figure out answers to the four questions 

as below: 
 

 Is it possible to use non-linear acoustic methods to detect non-mixed 

granulates within strands? If so, what are the limits? 

 Is it possible to evaluate the degree of molecular dispersion of 

plasticizing agent with non-linear acoustic methods? If so, what are the 

limits? 

 Is it possible to determine the volume fraction of air in strands with 

non-linear acoustics methods? 

 If acoustics methods are used for on-line measurements, what are the 

limitations and how is it possible to automate measurements with 

respect to the conceptual design of non-linear methods? 
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2.5 Explanation of what have been done  

 
The three first questions can be shortened in, investigating degree of non-

mixed granulates, molecular dispersion and volume of air in extruded PVC 

materials. To investigate them, the second order nonlinearity parameter (β) 

and velocity of propagated ultrasound wave in material are measured. β 

parameter which indicates nonlinear behavior of material is used to 

examine quality of different PVC samples (non-mixed granulates and 

molecular dispersion), with respect to each other. Moreover, sound velocity 

is used to compare volume of air in the samples. Attenuation measurement 

is also done to find out any correlation between attenuation (linear acoustic 

property) and β parameter (nonlinear acoustic property). Finally it is 

concluded that measurement plan which is used in laboratory-experiments 

also can be utilized in on-line measurement in production line. 
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3 Tarkett AB Company 

 
Tarkett Sommer AG which was formed in late 1997 by merging of Tarkett 

and Sommer Allibert produces over 247 million square meters of floor and 

wall per year and has about 9200 employees over the world. The Group has 

entered the 2000s with the aim to focus on floor and wall coverings [4]. 
  

Tarkett AB is part of Tarkett Sommer AG. In Sweden’s market Tarkett AB 

sales floor and wall for homes and public spaces. It offers a wide range of 

vinyl flooring, wood flooring, laminate flooring, linoleum, wet room’s 

flooring and walls [4]. 
 

In Sweden, wood flooring is produced by factory in Hanaskog and vinyl 

flooring for public areas is produced at the plant in Ronneby [4]. 

 

 

3.1 Mission  

 
The mission of Tarkett AB is: 

 

 Developing innovative products with inspiring design to reach 

customer’s satisfaction.  

 Providing different kinds of flooring solutions in the public spaces 

to get a higher return on their investments [4]. 

 

 

3.2 Tarkett AB at Ronneby 

 
This thesis is done in cooperation with Tarkett AB at Ronneby [5]. 

Products that are examined in this thesis are compact homogenous single 

layered vinyl IQ (intelligent quality), premium and plus flooring. Granit 

and Optima are belong to IQ products, Micra and Vylon belong to 

premium and plus flooring, respectively. These products are designed for 

heavy and very heavy traffic areas. Low maintenance and excellent life 

cycle cost are properties of these floorings. IQ means that no polish or wax 

is needed during life time. Procedure of producing them consists of 

grinding extruded PVCs and then mixing them again with or without 

granulated recycle materials, under specified conditions. Extruded PVCs 
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are produced in two extruder lines (203 and 204) which each of them 

consists three more extruder lines. Capacity of line 203 for Optima samples 

is 6700     and 6500      for Granit samples. Respectively the capacity of 

line 204 for Micra samples is 6300      and 6400      for Vylon samples. 

Specimens used in this project have collected from different extruder lines 

to examine the quality of extruded PVCs in different lines. 
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4 Ultrasonic Testing of Materials  

 
4.1 Introduction 

 
Ultrasonic is one of the most widely used NDE methods. In this method 

ultrasound wave, sound wave with frequency (above 20000 Hz) higher 

than upper limit of human hearing (17000 Hz), propagates through material 

and interact with particles. When a sound wave interacts with a flaw it 

scattered. Results of this interaction can be interpreted to find out some 

properties of materials such as flaws, elasticity, thickness and more. More 

information about advantages and disadvantages of ultrasonic method can 

be read in appendix A.  
 

For creating and also collecting ultrasound wave transducers are used. 

Sound waves travels at higher velocity and lower attenuation (loss of 

energy) in solids than fluids and air. Actually sound wave for propagation 

needs particles, to travel through them. It cannot be propagated in vacuum 

at all, that is why explosion of spaceship does not make any noise.  
 

Sound velocity and its attenuation can be used to characterize material 

property such as elastic constant (Young’s Modulus, Poisson’s ration, etc.), 

density, geometry and structures of materials [2]. 

 

 

4.2 Wave generation and Detection 

 
“Wave is disturbance of a medium from a neutral or equilibrium condition 

that propagates without the transport of matter.” [6] 
 

It means that just energy of wave propagates across medium. There are two 

types of waves: longitudinal and transverse (shear wave). In longitudinal 

wave movement of medium particle is parallel to direction of the wave 

propagation. While in transverse wave, it is perpendicular to the direction 

of the wave propagation. In this experiment longitudinal wave was 

propagated through medium. 
 

As it mentioned before, ultrasonic wave are created from electrical signal 

by using ultrasonic transducers. These devices are also used to transform 

ultrasonic wave to electrical signal. There are different methods for 
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generating ultrasound wave: piezoelectric transducer, electromagnetic 

acoustic transducers (EMAT), a phased array of piezoelectric transducers 

and laser (optical) methods [2], [7]. Here it is focused on piezoelectric 

transducers which are used in this experiment.  

 

 

4.2.1 Piezoelectric Transducers 

 

Piezoelectric transducers are the most common used transducers for 

creating and detecting ultrasonic wave. They produce mechanical 

deformation when they are subjected to electrical charge, and likewise 

generate charge when are put under pressure. These properties called 

‘indirect piezoelectric effect’ and ‘direct piezoelectric effect’, respectively. 

The first one which is used for producing mechanical pressures, 

deformations and oscillations, discovered in 1880 by Jacques and Pierre 

Curie [8] and the second one discovered in 1881 by Lippmann [9]. In this 

experiment piezoelectric ceramics were used.  
 

This kind of piezoelectric have many advantages in comparison with 

piezoelectric with single crystals, such as higher sensitivity and ease of 

fabrication in different shapes and sizes. However in single crystals 

because of having certain crystallographic direction for cutting, they cannot 

be made in different shapes. Some applications of piezoelectric transducers 

are: non-destructive testing, accelerometers, medical and hydrophones [10]. 

Figure 4.1 shows two types of piezoelectric transducers produced by 

Ferroperm Piezoceramics Company which are used in this experiment. 

PZ26 and PZ27 are transmitter and receiver piezoelectric transducers, 

respectively. Technical information of these two transducers has attached 

in appendix B.  
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Figure 4.1. Piezoceramic transducers. 
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4.3 Methods of Ultrasonic Testing of Materials 

 
There are different types of ultrasonic testing methods to characterize 

materials. They are categorized based on different key factors. For example 

one of these categorizations is respect to three factors: type of radiated 

wave (continues or pulses), initial measured quantity and the effect of an 

inhomogeneity or a boundary (reflected, shadow or sound generation). 

Table of this classification in sex group can be seen in appendix C [7]. The 

category which has been used in this experiment is based on position of 

wave transmitter and receiver. It can be classified in three groups [11]. 
 

Second classification which is more general than first categorization 

contains: pulse-echo method, the through-transmission method and the 

pitch-catch method [11]. 
 

In pulse echo method transmitter transducer is the receiver also. The 

transducer is mounted perpendicular to the surface of the testing material. It 

transmits the ultrasound wave and then receives the reflected sound wave 

from boundaries or discontinuities (figure (4.2)). Then the collected 

electrical signal is analyzed to find out thickness of the material and flaws 

position. This method is used for detection of flaws in materials. 

 

 
Figure 4.2. Pulse-echo method [11]. 

 

Second method is similar to first method; however, transmitter and receiver 

are mounted on two sides of sample (figure (4.3)). This method is used for 
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nondestructive testing of multi-layered, multi component and high 

attenuated materials. 

 

 
Figure 4.3. Through transmission method [11]. 

 

The last method in this classification is pitch-catch method. In this method 

two transducers are mounted at the same side of material (figure (4.4)). 

This method is used for cylindrical materials and nonlinear parallel sided 

surfaces. The position of flaws can be investigated in this method. 

 

 
Figure 4.4. Pitch-catch method [11]. 
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For choosing the most suitable method, available instruments and 

conditions of specimens play the most important roles. Type of ultrasound 

wave (longitudinal or shear wave, pulse or continues wave) is the next item 

that should be decided. Due to the fact that producing clean pulse wave 

with available instruments is not possible, longitudinal continuous wave is 

used. Because of cylinder shape of specimen and high attenuation of 

polyvinyl chloride, it seems that using two transducers as transmitter and 

receiver at both sides of specimen is the best way. Because by using one 

transducer acting as transmitter and receiver, due to high attenuation of 

material good results cannot be achieved. 
 

By considering mentioned factors for choosing suitable method in second 

categorization, second method which is through transmission method and 

third one which is pitch-catch method are selected.  
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5 Linear and Nonlinear Acoustic 

 
5.1 Introduction 

 
“The real world, we live in, is nonlinear. Relations for instance between 

characteristic parameters like pressure, density, temperature etc. in fluids, 

and relations between material constants in solids are nonlinear. Since 

Robert Hooke (1635 – 1703) put forward his linear elastic relation (named: 

Hooke’s Law) between force and deformation of solids, attempts have been 

made to “linearize” the World. The driving force behind the linearization 

has in particular been lack of fundamental understanding of the 

nonlinearity concepts, and lack of tools to handle nonlinear problems. Only 

the strong development in computer technology, faster and more powerful 

computers developed over the last 40 – 50 years have given access to 

understanding and exploitation of nonlinear phenomena. One of these 

phenomena is Nonlinear Ultrasonic.” [12] 
 

Increasing the pressure during propagation of sound wave in a medium 

causes rising in temperature and speed of sound. This phenomena lead to 

changes in wave’s frequency structure, and producing other frequency 

components. This is characteristic of non-linear system, because linear 

system responses only to driven frequency. Ultrasonic wave due to their 

high amplitude to wavelength ratio shows nonlinear propagation behavior 

of wave [13]. 
 

One reason for preferring nonlinear acoustic to linear acoustic in 

experiments is that, significant changes in mechanical property of the 

materials result in small changes in their linear properties [14]. 

 

 

5.2 Linear Acoustic 

 
Linear acoustic is a traditional method for characterizing materials. In this 

method it is focused on finding out some of linear effects such as 

attenuation, sound velocity, elastic constants, density and etc. of a 

propagated wave. In this assignment sound velocity of the sound wave 

which has traveled trough specimens is examined to answer question 

number three of the thesis. Attenuation measurement is used to investigate 
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correlation between linear and nonlinear results. Thus sound velocity and 

attenuation are explained more in this section. 

 

 

5.2.1 Sound velocity 
 
Velocity of the sound depends on the temperature and properties of the 

medium that sound travels in it. Sound passes trough medium by 

compressing and expending distances among atoms, to transmit energy 

between them. Therefore the sound velocity depends on the stiffness of 

bonds between particles and also their weight. This stiffness among bonds 

in solids is more than liquids, which is the reason that sound velocity in 

solids is higher than liquids. There is the same story between liquids and 

gases, which leads to higher sound velocity in liquids. This also can be 

concluded from relation (5.1) equation (a). The coefficient K in this 

relation is defined separately for solids, liquids and gases. For solids the 

parameter K is defined as shear modulus (G) that for long rods it can be 

defined as Young’s Modulus (E), as has been shown in relation (5.1) 

equation (b). In this thesis for calculating the sound velocity the relation for 

long rods has been used [2], [15]. 

 

       
 

 
                           

 

 
     (5.1) 

 

Which 

c: sound velocity 

K: coefficient of stiffness 

ρ: density 

  : sound velocity in solids for long rods 

E: Young’s Modulus 
 

In relation (5.1) part (b) Young’s modulus is much more effective than 

density. It also can be seen that the wave travels faster in material with 

higher Young’s Modulus value and vise versa. Young’s Modulus constant 

refers to elasticity property of material. In materials with higher elasticity, 

atoms are bonded together more tightly, and particles can return to their 

initial position faster, so they can get ready to move again. That leads to 

lower time of flight and consequently higher velocity [16]. 
 

Density which is less effective than elasticity constant is inversely related 

to sound velocity. That is due to the fact that higher density means more 



21 
 

mass per unit volume. Usually larger molecules have more mass. They 

need more energy to be vibrated, which is lead to decreasing in sound 

velocity. This factor as it is said before plays less important role in sound 

velocity relation but it can be used for materials with the same elasticity 

constant and different density to answer question three of the thesis. In 

those cases lower density means higher sound velocity [16]. 
 

It should be mentioned that in this part, Young’s modulus has been 

assumed to be constant for samples with the same ingredients and the same 

procedure of producing. But we know that it is probably not, and when 

samples differ in the sound velocity, it can come from the difference in 

their Young’s modulus not only their density. But it is not difficult to do 

measurement of density and examining the Young’s modulus by using the 

relation 5-1(b). It can even help to identify the material property better. 
 

Here there are two examples of experimental methods for finding out the 

sound velocity: 1) time delay measurement 2) resonance detection. In this 

experiment second method has been utilized. 

 

 

5.2.1.1 Time delay measurement 

 

In first method the time delay between the pulses which are transmitted and 

received are measured (  ). The distance that the wave is propagated also 

is known (  ). Thus by using relation (5.2) the sound velocity (c) can be 

computed [17]. 

 

  
  

  
        (5.2) 

 

 

5.2.1.2 Resonance detection 

 

Standing wave is a wave that its nodes remain in the constant position. It is 

produced between boundaries in a medium, when the length that wave 

propagated in it, is a multiple (n) of half wavelength ( ). This has shown in 

relation (5.3) [17], [18]. 

 

   
 

 
 ,                  (5.3) 
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It is also known that relation among sound velocity, wavelength and 

frequency is as relation (5.4). 

 

            (5.4) 

 

Which 

n: Number of resonance frequency  

  : Number of resonance frequency until frequency  number 0  

  : Number of resonance frequency until frequency number i  
 

By finding relation of sound velocity base on relations (5.4) and (5.3) for 

two wavelengths    and    and put them equal to each other, number of 

half wave resulted to relation (5.5). 

 

   
   

     
         (5.5) 

 

By substituting number of half wavelength in relation (5.3) by using 

relation (5.4) sound velocity calculated as relation (5.6). 

 

    
     

 
       (5.6) 

 

 

5.2.2 Attenuation 

 

Attenuation is loss of energy of ultrasound wave as it propagates in 

material. It happens during absorption and scattering process. In absorption 

process, the wave absorbed by medium when the energy of wave converts 

to other form of energy like heat. It is frequency dependent and effects 

penetration depth. Higher absorption means lower penetration depth of the 

wave into medium. Scattering process is reflecting the wave in other 

directions than the wave propagation direction [19]. 
 

Attenuation coefficient is given for a single frequency (
   

           
 or 

  

           
), but the average value can be calculated for different 

frequencies (
   

                
 or  

  

                
 ). 

 

Attenuation coefficient (  ) can be obtained by experimental approaches 

for specified material. It can be calculated by using amplitude of the 
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ultrasound wave at two different positions with distance (d) in the medium. 

Relation (5.7) is used for computing attenuation [19], [20]. 

 

   
  

     
                               

  

           
  (5.7) 

 

Which 

      
: peak to peak value of ultrasound wave at position 2 

      
: peak to peak value of ultrasound wave at position 1 

  : distance at position 2 

  : distance at position 1 
 

This relation also can be given for unit of 
   

           
 as relation (5.8). 

 

   
 

     
                         

   

           
  (5.8) 

 

As it is explained before attenuation coefficient can be obtained as an 

average value for different frequencies (5.9) which is not used in this 

assignment [19], [20]. 

 

             
           

   

 
   

    

     
      (5.9) 

 

That 

   : attenuation coefficient at single frequency    

   : attenuation coefficient at single frequency    

 

 

5.3 Nonlinear Acoustics 

 
5.3.1 Nonlinearity parameter 

 

As a wave propagates through a medium it is distorted and higher 

harmonics are generated. Distortion course of an ultrasonic wave has 

explained more in appendix D. Rising of higher harmonics depend on the 

medium (density, sound velocity, and nonlinear parameter B/A), 

propagation distance and initial pressure [21]. 
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B/A is a material constant that can be related to higher order elastic 

constants of the materials. It is second order nonlinearity parameter which 

indicates nonlinearity behavior of materials when wave propagates in it. 

Thus it can be said that characteristic of materials can be evaluated by 

measuring nonlinearity of the traveled wave through materials [12], [14], 

[22]. This parameter has been calculated to answer questions number one 

and two of the thesis. 
 

Nonlinearity of waves can be seen in rising second and higher harmonics in 

addition to fundamental frequency. On the other hand magnitude of these 

harmonics as well as amplitude and distance of propagated wave can be 

used to show degradation in materials. So for normal and degraded 

materials, similar wave will raises different harmonics amplitudes in 

degraded material respect to the normal one.  
 

For reaching a relation to calculate second order nonlinearity parameter, it 

is begun with nonlinear version of Hook’s law as has been shown in 

relation (5.10) [14], [23], [24], [25], [26], [27]. 

 

σ   ε   βε         (5.10) 

 

That 

σ: stress 

ε: strain 

E: Young’s Modulus   

β: higher order nonlinear elastic coefficient which is called here, second 

order nonlinearity parameter 
 

A system as figure 5.1 is considered. In this figure there is a degraded thin 

circular rod which an ultrasound wave is transmitted from one side of it 

and is received at the other side of the rod. 

 

 
Figure 5.1: Ultrasonic wave (longitudinal) is propagated in circular rod 

and received at the other end.   =amplitude of the ultrasonic wave,        

ω= angular frequency, k=wave number [14]. 
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If the attenuation be neglected, then the equation of motion for longitudinal 

and planar wave in the thin circular rod can be written as relation (5.11). 

 

ρ
   

   
 

 σ

  
        (5.11) 

 

Which 

ρ: density of the medium 

u: displacement 

σ: stress 

x: propagation distance 
 

The relation between strain and displacement has been shown in (5.12). 

 

       
       

  
       (5.12) 

 

By combining relations (5.10), (5.11) and (5.12) relation (5.13) is formed. 

In (5.10) two first terms are considered. 

 

ρ
   

   
  

   

   
   

  

  

   

   
      (5.13) 

 

Now for obtaining β, by using perturbation theory the displacement can be 

written as (5.14). 

 

              (5.14) 

                  
 

In this relation    represents the initial excitation and   represents the first 

order perturbation solution. By setting the initial excitation to sinusoidal 

single frequency wave, the perturbation solution up to second order can be 

calculated as relation (5.15) [28], [29]. 

     

                                      

              
 

 
  

                   (5.15) 

 

The second term in (5.15) indicates the second order harmonic frequency 

component that depends on  . Thus the amplitude of the second harmonic 

frequency component can be used to calculate second order nonlinearity 

parameter (5.16). 
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    (  

 

 
      (5.16) 

 

Which 

 : second order nonlinearity parameter 

  : amplitude of fundamental frequency in displacement signal 

  : amplitude of second harmonic frequency in displacement signal 

k: wave number 

x: wave propagation distance 
 

In relation 5.16 attenuation losses in fundamental and second harmonic 

during propagation has been neglected. If the difference in attenuation rate 

for fundamental and second harmonic is high the correction factor must be 

added in relation 5.16 [22]. 
 

For applying attenuation in fundamental and second harmonic, 

explanations in section 5.2.2 are used. Relations 5.7 from mentioned 

section is mentioned again. 

 

   
  

     
                               

  

           
  (5.7) 

 

Relation 5.7 can be written as relation 5.17. (      
 and       have been  

replaced by     and    ) 

  

   

   

   
         

     (5.17) 

 

For applying attenuation in relation 5.16 coefficient  
  

  
  by using relation 

5.17 can be written: 

 

  

  
   

    
    

          

  

     
    

          

    

      (5.18) 

 

That 

    : un-attenuated amplitude of fundamental frequency in displacement 

signal 
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    : un-attenuated amplitude of second harmonic frequency in 

displacement signal 

   : Attenuation Coefficient in fundamental frequency 

   : Attenuation Coefficient in second harmonic  

 

Thus coefficient 
  

          

  

    

          

    

 should be multiplied in relation 5.16 for 

consideration of attenuation losses. 
 

Calculating second order nonlinearity parameter by using this method is a 

good way for comparing nonlinearity in materials. 

It should be mentioned that measured β parameter is not the real value of β. 

For having the actual value more accurate experiments are needed and 

other factors such as nonlinearity of the system should be considered.  
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6 Test method and setup 

 
6.1 Specimens 

 
Specimens which are used in this experiment are extruded polyvinyl 

chloride (PVC) samples which have been collected from different extruder 

lines at Tarkett AB in Ronneby. Some of these lines are older than the 

other, so extruded PVCs differ in mixture and quality of extruding process. 

In some of these specimens recycled materials have been used. Properties 

of samples have mentioned in table 6.1. 

 

Table 6.1. Properties of specimens are used in experiment work. 

Specimen 
Color 

number 

Line 

number 

Recycle 

material (%) 

Temperature of 

producing extruded 

PVCs (°C) 

I II III I II III 

Optima 

(O) 
856 Blue 203 - - - 185 187 187 

Granit 

(G) 

383 

Dark gray 
203 50 - 50 187 187 188 

Micra 

(M) 
Dark Blue 204 - -  185 185  

Vylon 

(V) 
Light Blue 204 - -  187 188  

 

As table shows samples group consists of three samples of O and G and 

two samples of M and V. Columns I, II and III in table indicate three 

different extruder lines in every line number. Samples I, II and III differ in 

their colures which it is due to different pigments in their mixtures. 

Micra and Vylon are warm blended, while Optima and Granit are cold 

mixed. Warm blended means that before mixing materials (pvc, plasticizer, 

stabilizer and some additives) are heated, by using a high friction blender. 

This caused materials to get warm from 80 until 120 centigrade degrees. 

Fillers and pigments are not got warm in these types of flooring. 
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6.1.1 Coupling 

 

The shape and roughness of the specimens at connection field with probes 

(piezoceramics), has great effects on sensitivity of the method. Thus it is 

needed to prepare the surfaces of the specimens before coupling. Uniform 

surface without any dirt and foreign particles is required at place of 

coupling. In this experiment coupling is done by using two parts Strong 

Epoxy glue (figure 6.1). 

 

 
Figure 6.1. Glue for coupling specimens to piezoceramics. 

 

Before mounting piezoceramics (PZ) on specimens, some soldering works 

are needed to connect wires to PZs. Soldering temperature should not 

exceed than 340 °C to prevent polarization of PZs. After soldering, thin 

layer of two parts epoxy glue which has been mixed completely, is covered 

on PZ, then it is mounted on prepared surface of the specimen. One 

transmitter (PZ26) and two receivers (PZ27) are mounted on each 

specimen. Experiment can be done after making sure that the glue has 

become hard. Experiment on each specimen is done after one day of 

mounting PZ on sample’s surface. Figure 6.2 shows specimens which have 

been gotten ready for the experiment. 
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Figure 6.2. Specimens after preparation works and mounting 

piezoceramics on their surfaces. 
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6.2 Measurement instruments 

 
Instruments which have been used in this experiment and their position in 

measurement system have been shown in figure 6.3. 

 

  
 

(a) 

 

 
(b) 

Figure 6.3. Measurement system (a): O and G samples  

(b): M and V samples.  

 

Distance between transmitter and receiver which shows length of 

propagation is important, so it has been measured for every sample. 
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Distances between piezoceramics in each sample have been shown in table 

6.2.  

 

Table 6.2. Positions of piezoceramics related to each other. 

Samples Transmitter-receiver1 Transmitter-receiver2 

M 
I II I II 

* 0.03505(m) 0.1784(m) 0.1942(m) 

V 
I II I II 

0.03688 * 0.1223(m) 0.1322(m) 

O 
I II III I II III 

** 0.0393(m) 

G 
I II III I II III 

** 0.0204(m) 
* This sample has not been used. 

** In theses samples transmitter and receiver1, have placed at the same side and this value 

is 0 for them. 

 

Systems in figure 6.3 are fed with a continuous signal (sin wave) with 

frequency equal to fundamental frequency of the specimens. It is generated 

by function generator (20 MHz, Agilent 33220A). Then it is amplified 10 

times with AC input coupling, and zero output offset by amplifier (KH, 

Model 7500 Amplifier). After that amplified voltage signal is fed to 

matching transformer (Krohn-Hite, Model MT 56-R). The Matching 

Transformer has designed as an accessory of the amplifier to increase the 

output impedance that leads to decrease the load reflections. The 

Transformer can only be used with amplifier Krohn-Hite Model 7500. The 

output impedance and frequency range are adjustable in this instrument. In 

this experiment they were set in highest output impedance and frequency 

range 10 KHz – 500 KHz [30]. 
 

Pz26 and Pz27 which were explained in section 4.2.1 are used as 

transmitter and receiver, respectively in mentioned systems. The output of 

the matching transformer which is amplified signal both in voltage and 

impedance, converted to ultrasound wave by passing through Pz26. Then 

the response of the specimens to ultrasound wave is recorded in 

oscilloscope (600 MHz, Lecroy 64MXi-A) by two receivers (Pz27) in 

channel 1 and channel 2. Finally the raw data are transferred to the 

computer for further signal analyzing. Figure 6.4 shows function generator, 

amplifier, matching transformer and oscilloscope which have been used in 

this experiment.  
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure 6.4. Instruments of measurement plan (a): Function Generator (b): 

Amplifier (c): Matching Transformer (d): Oscilloscope. 
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6.3 Measurement plan 
 

As table 6.1 four different specimens are investigated to find out their 

properties in terms of non-mixed granulates, molecular dispersion and 

volume of air. These properties are interpreted as nonlinear behavior of 

samples. Two first properties are examined through calculating second 

order nonlinearity parameter as it has explained in section 5.3.1. Volume of 

air in samples is also correlated to velocity of propagated ultrasound wave 

in specimens based on section 5.2.1.  

 

 

6.3.1 Ultrasound velocity in specimens 
 

Velocity of ultrasound wave which has propagated in materials can be used 

as a factor to investigate volume fraction of air in specimens related to each 

other.  
 

Ultrasound velocity can be computed via resonance detection method as it 

has explained in section 5.2.1.2. Parameters which are unknown in mention 

method (relation 5.6) and must be calculated are: fundamental frequency, 

distance of propagated wave, number of resonances and frequencies 

associated with them through propagation of the wave.  
 

For calculating fundamental and other resonance frequencies, measurement 

system based on figure 6.3 is set. Input of the system which is generated by 

signal generator, is continuous sin wave with sweep frequency function. 

One sweep is a complete variation of the frequency in given range. It can 

be predefined to be linear (fix rate of frequency increment per time, 

Hz/sec) or logarithmic (fix rate of octave change in frequency increment 

per time, Octave/sec).  Time of the sweep also is definable [31], [32]. In 

every sweep, response of the system to the sin wave, which its frequency is 

varied between two predefined different frequencies, is received by 

piezoceramics and then displayed on the oscilloscope. In this case linear 

sweep frequency with frequency increment 50 kHz and sweep time 500s is 

used in combination with continuous sin wave. This experiment is done in 

frequency range 10 – 1000 kHz for samples O and G based on system (a) 

and for samples M and V base on system (b) figure 6.3. For first system 

channel 2 and for second one channel 1 oscilloscope are active (through 

transmission method). By monitoring frequency component of the output 

which has collected from oscilloscope, fundamental frequency, number of 

resonances and related resonance frequency in length of wave propagation 
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can be found. Fundamental frequency is the first peak and every peak 

indicates one resonance frequency. Therefore sound velocity for every 

sample can be calculated by substituting these parameters in relation 5.6.  
 

Based on explanations in section 5.2.1.2 which correlates sound velocity 

and volume of air in materials, specimens can be compared related to each 

other by comparison their sound velocity. Higher sound velocity means 

higher volume of air in samples.  
 

 

6.3.2 Second order nonlinearity parameter of specimens 

 

Second order nonlinearity parameter represents nonlinearity behavior of 

material when an ultrasound wave propagates in it. 
 

For measuring second order nonlinearity parameter β (relation 5.16) 

fundamental frequency, sound velocity, distance of wave propagation, 

displacement amplitude of fundamental frequency and displacement 

amplitude of second harmonic are needed. Fundamental frequency and 

sound velocity are known from previous section and displacement 

amplitude of fundamental and second harmonic will be measured in this 

part. 
 

For measuring these two unknowns, system as figure 6.3 is set. A 

continuous sin wave with fundamental frequency of each sample is 

transmitted through specimens by passing through pz26. Then the response 

of the system is received by pz27. This response is collected by channel 2 

of the oscilloscope for O and G samples and channel 1 for M and V 

samples. The unit of the collected data is volt. For doing calculation of 

nonlinear parameter, displacement signal is needed, so the outputs must be 

converted. First they converted to acceleration by using sensitivity of pz27. 

Then displacement signal is calculated by dividing them to -  . At last by 

substituting measured value in relation 5.16, second order nonlinearity 

parameter is computed.  
 

Higher β means higher nonlinearity in material. So specimens with higher 

value contains more non-mixed granulates, molecular dispersion and other 

discontinuities which cause decreases in material quality. 
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6.3.3 Attenuation measurement 

 

Attenuation as is explained in section 5.2.2 indicates lose of energy of 

sound wave as travels through material. Reason of calculating attenuation 

in this part is to examine correlation between attenuation and β parameter. 

The parameter which is needed in this section (relation 5.7) is peak to peak 

value of received signal.  
 

To calculate attenuation the same set up and procedure as previous section 

is used. The difference is just in active channels of oscilloscope. In this part 

both channels 1 and 2 in oscilloscope are active. To find out the peak to 

peak value of received signal, time component of output signal is used.  
 

As it will show in result section, no obvious correlation can be found 

between attenuation and β parameter. This can proves this idea that 

nonlinear acoustic methods are more efficient than linear methods in 

finding out degradation in materials. 

 

 

6.3.4 On-line measurement 

 

Methods used in this thesis for quality assurance of extruded PVCs can be 

used in on-line measurement also. Investigating degree of volume fraction 

of air, non-mixed granulates and molecular dispersion as it is done in 

laboratory can be applied in production line. Likewise it can be done by 

measuring the sound velocity and the second order nonlinearity parameter. 

Initial measurement system for doing this on-line measurement has been 

shown in figure 6.5 

 

 
 

(a) 
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(b) 

 

Figure 6.5. Schematic of the measurement system: (a) section of pvc at 

position of placing piezoelectrics, (b) measurement system.  

 

As the figure 6.5 shows transmitter and receiver of ultrasound wave are 

mounted on material in U form. As production line goes on, they are 

moved, until to get the result for measuring sound velocity and second 

order nonlinearity parameter. After that they are separated from material 

manually (this also can be done by designing mechanical arms) and can be 

mounted again for collecting other data. The time of collecting data for 

computing sound velocity is limited to getting results of sweep frequency 

that the measurement scale will be in some 10 seconds. Then results are 

monitored to calculate sound velocity. For computing β it is needed just to 

receive the distorted signal which in this measurement scale, can be done in 

some 10 seconds. Other calculations as it has done in this experiment must 

be done by operator.    
 

As it was mentioned before this is initial measurement plan that can be 

improved for using in industrial applications. 
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7 Results 

 
7.1 Ultrasound velocity in specimens 

 
Sound velocity which has been calculated from sweep frequency figures 

(appendix E) based on relation 5.6 has been shown in table 7.1. 

 

Table 7.1. Sound velocity in specimens. 

Sample 
Sample I Sample II 

  (khz)   (khz), i c (m/s)   (khz)   (khz), i c (m/s) 

M  13 
201 
,21 

3111  14 
980 
,22 

3012  

V  12 
858 
, 23 

2774  14 
241 
,22 

2723  

(a) 

 

Sample 
Sample I Sample II Sample III 

   
(khz) 

   
(khz), i 

c  
(m/s) 

   
(khz) 

   
(khz), i 

c  
(m/s) 

   
(khz) 

   
(khz), i 

c  
(m/s) 

O  7 
574 

, 20 
2225 6 

532 

,20 
2302 6 

520 

,22 
1924 

G  7 
589 

,13 
2137 10 

810 

,19 
1693 5 

907 

,22 
1894 

(b) 

 

Volume of air in samples can be investigated by measuring sound velocity 

in samples.  
 

In table 6.1 we have four different samples with different volume of air for 

each of them. So for the samples with the same elastic property, as it is 

explained in section 6.3.1 higher velocity is interpreted as higher fraction 

of air in samples. Thus about table 7.1.a it can be said that MI contains 

more air than MII; likewise, VI shows higher volume of air than VII 

sample due to higher sound velocity in first samples. Table 7.1.b shows 

that among O samples, sample OII contains higher fraction of air than 

sample OI, which is followed by sample OIII. Among G samples, only 

results of samples GI and GIII can be compared because elasticity in these 

two samples is the same, but differ from sample GII because of recycle 
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material in ingredients of these two samples. Between sample GI and GIII 

it can be said that sample GI contains more air than sample GIII due to the 

higher velocity. It also can be concluded that constant elasticity of sample 

GI and GIII is higher than GII, because velocity increases as elasticity 

grows (relation 5.1). 
 

Among samples M, V, O and G no conclusion can be made about their 

volume of air relative to each other, due to different constant elasticity. 

However about their constant elasticity it can be said that M sample has 

higher elasticity constant than V sample which is followed by O then G 

samples. 

 

In continue to prove the calculated sound velocities, two different 

calculations for samples MII and VI are made. In these calculations sound 

velocity for MII and VI through both length and diameter of the specimens 

are computed. Table 7.2 shows these results. 

 

7.2. Comparison of sound velocity through length and diameter of the 

specimens. 

Sample Sound velocity in length Sound velocity in diameter 

MII (Micra) 3012(m/s) 3078(m/s) 

VI (Vylon) 2774(m/s) 2713(m/s) 

 

As table 7.2 shows results are close to each other, so calculated sounds 

velocities are verified. 

 

 

7.2 Second order nonlinearity parameter of 

specimens 

 
Nonlinearity in specimens can be examined by calculating second order 

nonlinearity parameter. As it is explained in section 5.3.1 generation of 

higher harmonics which takes place due to nonlinearity behavior of 

material, is related to medium property, propagation distance and initial 

pressure. So for examining β parameter, data of harmonic generation for 20 

different input voltages for all samples were collected. Figures 10.8 to 

10.15 which have been attached in appendix F have been used to extract 

displacement amplitude of fundamental and second harmonic. These 

figures (three input voltages for every sample have selected) show 
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generation of higher harmonics. Differences in rising of harmonics for 

different samples come from variety in density, sound velocity and β 

parameter of the mediums.  
 

By extracting amplitude values of fundamental and second harmonic from 

mentioned figures and by using distance of wave propagation and sound 

velocity, β parameter (relation 5.16) can be calculated. Tables which show 

step by step calculations have been attached in appendix G.  
 

Table 7.3 shows average of β parameter for 20 inputs. 

 

Table 7.3. β parameter for all samples. 

sample OI OIII OII V M GIII GI GII 

β 
1.67 

E+07 

1.21 

E+07 

5.96 

E+06 

4.5 

E+06 

1.94 

E+06 

4.87 

E+05 

1.85 

E+05 

7.06 

E+04 

 

Trend of β parameter in specimens has been shown in graph 7.1. 

 

 
Figure 7.1. β parameter for all samples. 

 

As it can be seen from figure 7.1 the highest nonlinearity is belong to O 

samples, which is followed by V and M samples. G samples have the 

lowest nonlinearity among all samples. 
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So far calculation of β parameter has been done without considering 

attenuation losses in fundamental and second harmonic. As it is explained 

in section 5.3.1 when these values are not negligible a factor must be 

include in the relation of computing β parameter.   
 

Attenuation losses can be calculated same as explanation in section 6.3.3. 

Tables which show attenuation losses at fundamental and second harmonic 

have been attached in appendix H.  

Based on relation 5.18 and by using data of table 10.6 effect of attenuation 

can be showed on β parameter. Table 7.4 illustrates these coefficients for 

different samples by using relation 5.18. 
 

Table 7.4. Correction coefficient in β parameter. 
Sample OI OII OIII GI GI GIII M V 

Correction 

factor 

0.86 0.58 1.40 0.21 0.49 0.48 0.01 0.06 

 

In table 7.4 the higher coefficient factors belong to samples with higher 

differences between attenuation rates in fundamental and second harmonic. 

By applying these factors on β parameter, new results for β are achieved 

which have been shown in table 7.5. 

 

Table 7.5. β parameter after consideration of attenuation losses in 

fundamental and second harmonic. 

sample OIII OI OII V GIII GI GII M 

β 
1.68 

E+07 

1.45 

E+07 

3.43 

E+06 

2.64 

E+05 

2.31 

E+05 

3.93 

E+04 

3.47 

E+04 

2.88 

E+04 

 

Figure 7.2 illustrates trend of β parameter for all specimens. 
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Figure 7.2. β parameter after consideration of attenuation losses in 

fundamental and second harmonic.  

 

The trend of nonlinearity is almost the same as before, with some 

differences. O samples again show higher nonlinearity than other samples, 

which the same as before it is followed by V sample. However, against 

previous graph after V sample, G samples show higher nonlinearity and M 

sample has placed at the end of the trend. These differences come from 

difference between attenuation rates in samples with respect to their 

distance of wave propagation. 
 

Moreover, there are some differences between O samples. Before applying 

attenuation OI contained higher nonlinearity than OIII and OII. But after 

consideration coefficient, OIII shows higher value than OI and OII, which 

is agreed with the reason of difference in attenuation rate. About G samples 

the same trend as before is observed. 
 

Higher nonlinearity in O samples can be validated based on explanation of 

Tarkett. O samples contains bigger particles than other samples, they also 

produce in one of the oldest line production. Lower quality was accepted 

by Tarkett also.  
 

It should be mentioned that this method in quality control, can also be used 

to predict period of maintenance time (or replacement) in production lines. 
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7.3 Attenuation measurement 

 
Figure 7.3 shows trend of attenuation among samples based on explanation 

6.3.3. Data has been shown in table 10.7 appendix I.  

 

 
Figure 7.3. Attenuation of ultrasound in samples. 

 

As the results show there is no correlation between attenuation and β 

parameter. That is the reason of preferring nonlinear property of acoustic 

methods in quality control of materials. 
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8 Conclusion 

         
The capability of nonlinear acoustic techniques for quality control of 

extruded PVC is examined in this thesis. There is an interest of comparing 

different samples in following three aspects:  

 degree of molecular dispersion of plasticizing agent  

 non-mixed granulates  

 volume fraction of air in strands  

Investigating possibility of using non-linear acoustic method as on-line 

measurement is also done. Ultrasound method is used as non-linear 

Acoustic Technique (NAT) to reach the goal. Furthermore, sound velocity 

and attenuation are used as controller of acoustic linear property; likewise, 

second order nonlinearity parameter (β) is measured as controller of 

acoustic nonlinear property.  

Main questions and their answers which have been achieved during this 

experimental work are explained as follow: 
 

 Is it possible to use non-linear acoustic methods to detect non-

mixed granulates within strands? If so, what are the limits? 
 

 Is it possible to evaluate the degree of molecular dispersion of 

plasticizing agent with non-linear acoustic methods? If so, what are the 

limits? 
 

To answer these questions, the second order nonlinearity parameter 

(β) is used. More degraded materials show higher β parameter, 

which means higher nonlinearity behavior. By computing this 

parameter, it is showed that Optima samples are in lower level in 

term of quality than Vylon samples, which is followed by Granit 

and finally Micra samples. Difference of particles size between 

Optima and other samples can also indicate that the bigger particles 

are caused more nonlinearity. This method in quality control can 

help to find out which of production line needs to be maintained or 

replaced.  

Regarding the limits of this method can be said that for applying the 

ultrasound method and get the reasonable results, the shape of the 

samples and positions of mounting transducers are important. For 

example it is not suitable to use a thin plate in this experiment. 

Because of such effect, sound waves are reflected from surfaces 

several times which may result in unwanted output. Due to high 
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attenuation in PVCs, the length of the wave propagation is also 

important. In these cases the analyzed results cannot show the exact 

property of material.  
 

 Is it possible to determine the volume fraction of air in strands with 

non-linear acoustics methods? 
 

Sound velocity is used to investigate volume of air in specimens 

based on relation among elasticity constant, density and sound 

velocity in solids. This method can be used when elasticity of the 

specimens is the same. The density can be checked by calculating 

the sound velocity for materials with the same elasticity constant. 

Density can be interpreted as volume of air in samples. By 

increasing the sound velocity, volume of air in samples is also 

increased. Sound velocity also can show which sample has higher 

elasticity constant. Elasticity constant grows as sound velocity is 

increased. The results dictate that among Optima samples, OII 

contains more air than OI which is followed by OIII. Moreover, for 

Granit samples, GI has higher air than GIII. GII cannot be checked 

because of differing in ingredients (elasticity constant) respect to GI 

and GIII. About Micra and Vylon samples, MI and VI show more 

air than MII and VII, respectively.  

In this thesis sound velocity as a controller of linear property of acoustic is 

examined to investigate the volume of air. Finding a non-linear controller 

for examining the volume of air can be a subject for the future thesis.  
 

Attenuation of ultrasound wave in samples is also measured to find out the 

relation between linear and nonlinear property and to examine which of 

them are more efficient for quality control of materials. Measured 

attenuation shows no obvious connection with β parameter. It can be said 

that linear and nonlinear controllers of acoustic property are not always 

correlated. In the other hands, big changes in material discontinuities can 

be shown as small changes in property of linear acoustic. Comparing 

different linear and non-linear property of acoustic techniques in materials 

with different level of degradation can be a good subject for the future 

master thesis.    
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 If acoustics methods are used for on-line measurements, what are 

the limitations and how is it possible to automate measurements with 

respect of conceptual design of non-linear methods? 
 

One of the most important conclusions of this thesis is possibility of 

using these methods in industrial application. Sound velocity and β 

parameter can be used in on-line measurement to control the quality of 

products. Speed of the production line is important for using this 

method in on-line measurement. Movement of the extruded PVCs can 

cause changing in properties of ultrasound wave as travels through 

material. All limitations which were explained for using ultrasonic 

method are also valid in this part.   
 

As a conclusion it can be said that nonlinear acoustic technique is the best 

way for qualifying materials. Second order nonlinearity parameter, as is 

expressed in this thesis is a good factor for indicating discontinuities and 

degradation in materials. 
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10 Appendices 

 
10.1 Appendix A 

 
In this appendix advantages and disadvantages of ultrasonic method is 

explained. 
 

Among all NDE methods there are two methods that are applicable for 

subsurface flaws. They are ultrasonic and X-ray techniques.  
 

Advantages of ultrasonic method are that ultrasonic method does not cause 

any environmental or health risk. In addition, it can be used in non-

contacting cases (laser generated/detected ultrasound offers distances of up 

to several meters). Another advantage of ultrasonic method is that 

specimens with complex geometry can be investigated. Ultrasonic method 

is also applicable in wide range of materials such as biological, metal, 

ceramic or rubber.  
 

However about disadvantages of ultrasonic method can be said that highly 

experienced technician is required. Another disadvantage is that, although 

this method is non-contacting method but in the most of cases transducers 

must be in contact with specimens through water or gel coupling layer. 

Additionally, scanning of planar flaws, parallel to the direction of wave 

propagation is not possible. The most important item is that, this method 

can be expensive [2]. 
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10.2 Appendix B 

 
Technical specifications of transmitter and receiver transducers, 

piezoelectric 26 (Pz26) and piezoelectric 27 (Pz27), have been shown in 

this appendix. Figure 10.1 shows shape of these two transducers. 

 

 
Figure 10.1. Disc transducer[10]. 

 

Table 10.1. Dimensions of Pz26 and Pz27 Discs. 

OD (mm) Th(mm) 

10.00 1.0 

        

  

10.2.1 Ferroperm Pz26 

 

Pz26 (Navy I) 

A hard PZT with low ageing rates and low loss 
 

Pz26 is an all-round hard PZT material with good coupling factors, high 

Curie temperature, high mechanical quality factor, low dielectric loss and 

very good stability over time. Pz26 can be used as a direct replacement for 

all other Navy I materials. Benefits include strongly improved ageing rates, 

and extremely stable performance from orders ranging over several years. 
 

Typical applications are: [10] 

• High-power underwater transducers 

• Medical therapeutic transducers 

• Dental cleaners 

• Hydrophones 

• Level sensors  
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10.2.2 Ferroperm Pz27 

 

Pz27 (Navy II) 

A soft PZT with low ageing rates and high sensitivity 
 

Pz27 is an all-round soft PZT material with good coupling factors, good 

charge coefficients, high Curie temperature, low mechanical quality factor 

and low temperature coefficients. It is more sensitive than Ferroperm Pz23, 

but has slightly higher temperature dependence. Pz27 can be used as a 

direct replacement for all other Navy II materials. Benefits include strongly 

improved ageing rates, and extremely stable performance from orders 

ranging over several years. 
 

Typical applications are: [10] 

• Shear-type and compression mode accelerometers 

• Medical and Industrial flow meters 

• Combined underwater acoustics transducers (transmitter/receiver) 

• Combined NDT transducers (transmitter/receiver)  

 

 

10.2.3 Technical specifications of Pz26 and Pz27 
 

Table 10.2. Applications of piezoelectric materials [10]. 

 
Application     Material Suggestion 

Pz26  Pz27  
Underwater 

• Transmitters     * 

• Receivers     *  * 

• Hydrophones    *  *  

 

Transducers/Sensors 

• Level     *  * 

• Flow      *  * 

• NDT     *  * 

 • Accelerometers   *  * 

 • Pressure      * 

 • Acoustic Emission     *  

• High Temperature  

• Shock       * 
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Medical 

• Diagnostic    *  * 

• Therapeutic    *  

• Combined / Doppler   *  *  

 

Industrial 

• High Voltage   * 

• High Power     * 

• Automation       * 

• Actuators     *  * 

• Motors     * 

 

 

Table 10.3. Material Data for standard test specimens [10]. 

 

Data are measured at 25°C and 24 hours after poling. 

 
Symbol  Dimension Pz26 Pz27 

 

Electrical Properties 

Relative dielectric const.  

at 1 kHz    K33T   1   1300  1800 

Diel. dissipation factor  

at 1 kHz    tan   10-3   3  17 

Curie temperature   Tc >   C   330  350 

Recommended working 

range     <   C   230  250 

 
 

Electromechanical Properties 

Coupling factors   kp   1   0.60  0.59 

kt   1   0.47  0.47 

k31   1   0.33  0.33 
k33   1   0.68  0.70 

Piezoelectric charge  

coefficients    d31   10-12C/N  130  170 

d33   10-12C/N  330  425 

d15   10-12C/N  400  500 

Piezoelectric voltage  

coefficients    g31   10-3Vm/N  11  11 

g33   10-3Vm/N  28  27 

Frequency constants   Np   Hzm   2230  2010 
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Nt   Hzm   2040  1950 

N31   Hzm   1500  1400 

N33   Hzm   1800  1500 

 
 

Mechanical Properties 

Density      103 kg/m3  7.70  7.70 

Elastic compliances   s11E   10-12m2/N  13  17 

s33E   10-12m2/N  20  23 

s11D   10-12m2/N  12  15 

s33D   10-12m2/N  11  12 

Poisson’s ratio   E   1   0.33  0.39 

Mechanical quality  

factor     Qm   1   >1000  80 

 

 

Standard tolerances:  

Electrical Properties 10 % 

Electromechanical Properties 5 % 

Mechanical Properties 2.5 % (Except for E and Qm) 
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10.3 Appendix C 

 
Classification of ultrasonic methods based on three factors has been shown 

in this appendix. These factors are: type of radiated wave, initial measured 

quantity and the effect of an inhomogeneities or a boundary (table 10.4)[7]. 

 

Table 10.4. Ultrasonic methods[7]. 

Method 

Primary 

measured 

quantity 

Type of 

sound 

radiation 

Effect of an 

inhomogeneities 

(or a boundary) 

S
o
u
n
d
 

p
ressu

re 

am
p
litu

d
e 

P
h
ase

 

T
ran

sit-

T
im

e 

C
o
n
tin

u
o
u
s 

so
u
n
d
 

w
av

e 

S
o
u
n
d
 

p
u
lse

 

R
eflectio

n
 

S
h
ad

o
w

 

S
o
u
n
d
 

g
en

eratio
n

 

Pulse echo method *  *  * *   

Transit time method         

1. Transit time 

method with 

pulses 

  *  * *   

2. Resonance method 

(Transit time 

method with 

continuous sound) 

  * *  *   

3. Phase 

measurement 

method (transit 

time method with 

continuous sound) 

 * * *  *   

Shadow method 

(through transmission 

method, intensity 

method ) 

*   * *  *  

Acoustic holography * *  * * * *  

Image methods * * * * * * *  

Sound emission 

method 
*  *  *   * 

Frequency modulation 

method 
*  * *  *   
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10.4 Appendix D 

 
Distortion course of a finite amplitude ultrasonic wave 

 

When a period of an original sinusoidal finite-amplitude wave, propagates 

through a medium, the wave is exposed to two effects. These two effects 

which influence its time course are: 1) dissipation and 2) nonlinearity. The 

first one arising from viscosity, heat conductivity and relaxation processes 

and the second one leads to formation of higher harmonics to the 

fundamental frequency of the wave. These effects counteract each other as 

has been shown on Figure 10.2. In this figure distortion course of the 

original sinusoidal wave occurs through time and space during its 

propagation [12]. 

 

 
Figure 10.2: Distortion course of single period of a finite amplitude 

sinusoidal wave [12]. 

 

As figure 10.2 illustrates as σ (dimensionless distance parameter) increases 

from ϭ = 0 (at source position) till ϭ = 1, nonlinear effects prevail, since 

dissipative effects are small. This leads to distortion of sinusoidal wave. 

This shock formation is represented by sawtooth wave. In 1< ϭ < 4 

dissipative effect and nonlinearity effect cancel each other, and at ϭ = 4 

stabilization of shock wave occurs and sawtooth wave is formed. After ϭ=4 
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dissipative effect caused the signal gets rid of energy, and sawtooth wave 

gradually loses its wavefront steepness. This procedure at long distance of 

source ends with returning the wave to its original shape but with lower 

amplitude.  
 

The distortion course shows itself in frequency component by generation of 

   ,    and higher harmonics to the fundamental frequency of a sinusoidal 

wave. Figure 10.3 illustrates the frequency component of distortion course 

[22]. 

 

 
Figure 10.3: Harmonic content of a deforming progressive wave. β = 3.5, 

corresponding to B/A = 5.0 for distilled water at 20
o
C [22]. 

 

As it can be seen, in figure 10.3 by formation shock, fundamental 

frequency loses its energy. This happens because of dissipation and 

generation of higher harmonics that is clear from vertical axis. As σ 

increases, before reaching this value to 1, amplitude of higher harmonics 

grows and after ϭ = 1 their amplitude decreases due to dissipation [12]. 
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10.5 Appendix E 

 
Figures 10.4 to 10.7 show power spectra of sweep frequency as 

explanations in section 5.2.1.2, that has been used for calculation of sound 

velocity.  

 

 

 
10.4. Sweep frequency in samples M. 



59 
 

 

 
 

 
10.5. Sweep frequency in samples V. 
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10.6. Sweep frequency in samples O. 
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10.7. Sweep frequency in samples G. 
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10.6 Appendix F 

 
Figures 10.8 till 10.15 which show displacement signals which have been 

selected among 20 different inputs for each sample. Data of these figures 

have been used for calculation of β parameter. In these figures p shows 

positions of harmonics, and they have zoomed to show the peaks better.  
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Figure 10.8. Displacement amplitude graph of sample MII for three inputs. 
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Figure 10.9. Displacement amplitude graph of sample VI for three inputs.  
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Figure 10.10. Displacement amplitude graph of sample OI for three inputs.  
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Figure 10.11. Displacement amplitude graph of sample OII for three inputs  
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Figure 10.12. Displacement amplitude graph of sample OIII for three 

inputs.  
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Figure 10.13. Displacement amplitude graph of sample GI for three inputs.  
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Figure 10.14. Displacement amplitude graph of sample GII for three inputs  
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Figure 10.15. Displacement amplitude graph of sample GIII for three 

inputs.  
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10.7 Appendix G 

 
Step by step calculations of attenuation coefficient in calculation of β 

parameter have been shown in tables 10.5 and 10.6. Table 10.5 shows 
  

  
  

(  : amplitude of second harmonic in displacement signal and   : 

amplitude of fundamental frequency in displacement signal)  for all 

specimens for 20 different input voltages. 

 

Table 10.5. Coefficient of  
  

  
   

 

 
  in β parameter relation. 

 

S
am

p
le OII OIII GIII OI GII M GI V 

Input 

1v 
3.43 

E+07 

1.39 

E+08 

7.12 

E+07 

2.62 

E+08 

3.02 

E+06 

7.75 

E+07 

1.29 

E+07 

2.86 

E+08 

2v 
1.86 

E+07 

3.67 

E+07 

1.85 

E+07 

6.55 

E+07 

1.52 

E+06 

2.01 

E+07 

3.31 

E+06 

7.86 

E+07 

3v 
4.14 

E+06 

1.73 

E+07 

5.50 

E+06 

1.52 

E+07 

1.03 

E+06 

1.35 

E+07 

2.23 

E+06 

3.53 

E+07 

4v 
4.66 

E+06 

9.73 

E+06 

4.65 

E+06 

8.96 

E+06 

3.86 

E+05 

7.59 

E+06 

1.26 

E+06 

2.95 

E+07 

5v 
3.03 

E+06 

6.08 

E+06 

2.98 

E+06 

1.13 

E+07 

4.98 

E+05 

4.88 

E+06 

1.58 

E+06 

1.28 

E+07 

6v 
2.10 

E+06 

2.12 

E+06 

2.07 

E+06 

7.89 

E+06 

4.32 

E+05 

2.26 

E+06 

7.52 

E+05 

8.93 

E+06 

7v 
1.54 

E+06 

3.12 

E+06 

1.54 

E+06 

5.83 

E+06 

3.82 

E+05 

2.48 

E+06 

8.31 

E+05 

1.30 

E+07 

8v 
1.19 

E+06 

2.40 

E+06 

1.96 

E+06 

4.41 

E+06 

3.41 

E+05 

1.28 

E+06 

6.33 

E+05 

4.95 

E+06 

9v 
9.46 
E+05 

1.87 
E+06 

9.36 
E+05 

1.75 
E+06 

3.08 
E+05 

1.01 
E+06 

6.69 
E+05 

3.98 
E+06 

10v 
7.64 

E+05 

1.52 

E+06 

1.01 

E+06 

1.44 

E+06 

3.73 

E+05 

8.20 

E+05 

6.17 

E+05 

4.81 

E+06 

10v 
6.27 

E+05 

1.12 

E+06 

1.30 

E+06 

2.05 

E+06 

3.60 

E+05 

4.63 

E+06 

7.21 

E+05 

1.09 

E+07 

20v 
3.24 

E+05 

5.78 

E+05 

6.56 

E+05 

1.05 

E+06 

5.26 

E+05 

1.21 

E+06 

8.00 

E+05 

2.50 

E+06 

30v 
2.19 

E+05 

2.57 

E+05 

9.70 

E+05 

2.37 

E+05 

3.71 

E+05 

5.11 

E+05 

6.77 

E+05 

1.14 

E+06 

40v 
1.24 

E+05 

2.91 

E+05 

9.49 

E+05 

5.35 

E+05 

2.50 

E+05 

2.81 

E+05 

5.32 

E+05 

9.72 

E+05 
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50v 
1.34 

E+05 

1.41 

E+05 

8.94 

E+05 

1.73 

E+05 

1.32 

E+05 

2.96 

E+05 

3.31 

E+05 

6.27 

E+05 

60v 
1.11 

E+05 

1.97 

E+05 

7.44 

E+05 

2.43 

E+05 

6.72 

E+04 

3.05 

E+05 

2.10 

E+05 

3.63 

E+05 

70v 
1.23 

E+05 

1.70 

E+05 

5.96 

E+05 

2.25 

E+05 

4.40 

E+04 

3.11 

E+05 

1.10 

E+05 

3.20 

E+05 

80v 
1.26 

E+05 

1.12 

E+05 

4.66 

E+05 

2.07 

E+05 

2.16 

E+04 

2.70 

E+05 

8.02 

E+04 

2.44 

E+05 

90v 
1.24 

E+05 

1.18 

E+05 

3.85 

E+05 

2.19 

E+05 

7.06 

E+03 

2.38 

E+05 

4.44 

E+04 

2.25 

E+05 

100v 
1.27 

E+05 

1.07 

E+05 

3.30 

E+05 

2.23 

E+05 

8.58 

E+03 

2.06 

E+05 

2.07 

E+04 

2.59 

E+05 

 

Table 10.6 shows other needed parameters for calculating β. 

 

Table 10.6. Wave propagation distance(x), angular frequency (ω), sound 

velocity(c) and wave number(k) for all samples. 

sample OII OIII GIII OI GII M GI V 

x(m) 
2.04 

E-02 

2.04 

E-02 

3.93 

E-02 

2.04 

E-02 

3.93 

E-02 

3.51 

E-02 

3.93 

E-02 

3.69 

E-02 

ω(rad/s) 
3.58 

E+04 

3.66 

E+04 

9.40 

E+04 

4.75 

E+04 

6.45 

E+04 

8.81 

E+04 

8.45 

E+04 

9.34 

E+04 

c(m/s) 
2.30 
E+03 

1.92 
E+03 

1.89 
E+03 

2.22 
E+03 

1.69 
E+03 

3.08 
E+03 

2.14 
E+03 

2.70 
E+03 

k^2 
2.42 

E+02 

3.62 

E+02 

2.46 

E+03 

4.56 

E+02 

1.45 

E+03 

8.20 

E+02 

1.56 

E+03 

1.19 

E+03 
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10.8 Appendix H 

 
Displacement amplitude graphs collected by two receivers (channel 1 and 

channel 2 of oscilloscope) are used to extract values at fundamental and 

second harmonic. By using these values attenuation can be calculated. 

Table 10.7 shows attenuation in fundamental and second harmonic for all 

samples. The first column for every sample represents the value at 

fundamental frequency and the second one shows value for second 

harmonic. The unit of attenuation is 
  

 
 .  

 

Table 10.7. Attenuation losses at fundamental and second harmonic. 
Input OI OII OIII 

10v 77.07 0.00 127.38 89.61 10.08 0.00 

20v 77.20 89.61 126.02 89.61 6.53 0.00 

30v 76.60 89.61 125.74 89.61 8.21 242.81 

40v 72.18 63.58 122.95 89.61 6.90 89.61 

50v 75.83 153.20 122.96 0.00 6.40 89.61 

60v 72.77 0.00 121.71 276.88 5.34 89.61 

70v 75.56 112.90 120.92 306.39 5.20 89.61 

80v 73.19 242.81 119.83 123.68 3.83 0.00 

90v 71.52 227.56 117.82 119.13 3.08 63.58 

100v 71.85 187.27 112.36 34.07 2.19 187.27 

Average 74.38 116.65 121.77 121.86 5.78 85.21 

 
Input GI GII GIII 

10v 411.94 0.00 277.77 172.64 236.55 0.00 

20v 413.85 0.00 275.56 95.01 232.46 172.64 

30v 419.60 172.64 278.53 360.76 237.59 295.13 

40v 426.00 0.00 281.27 135.59 236.17 188.12 

50v 426.77 533.40 281.96 0.00 235.50 206.72 

60v 425.25 95.01 280.97 273.29 234.89 65.63 

70v 425.07 467.77 283.95 351.98 231.17 0.00 

80v 425.99 335.71 285.47 545.39 229.76 217.50 

90v 428.69 172.64 285.63 390.14 230.79 114.22 

100v 430.88 107.00 289.60 295.13 232.12 244.98 

Average 423.40 188.42 282.07 261.99 233.70 150.49 

 
Input MII V1 

10v 138.79 42.33 133.21 28.80 

20v 138.39 106.37 134.74 49.23 
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30v 138.96 74.35 134.37 0.00 

40v 139.38 64.04 133.46 28.80 

50v 139.71 69.48 133.27 65.08 

60v 139.97 93.08 133.15 39.74 

70v 147.21 104.00 133.14 78.02 

80v 140.05 104.00 132.57 121.07 

90v 140.44 101.50 132.26 127.25 

100v 140.74 101.50 132.95 114.30 

Average 140.36 86.06 133.31 65.23 

 

Averages of attenuation losses for all specimens have been showed in last 

row of the table 10.7. 
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10.9 Appendix I 

 
Table 10.8 contains attenuation in samples based on explanation in section 

6.3.3.  

 

Table 10.8. Attenuation in samples. 
Input GI GII GIII OI OII OIII M2 W1 

1 v 0.98 1.04 0.62 0.87 0.42 0.71 0.23 0.21 

2 v 0.72 0.89 0.73 0.95 0.60 0.98 0.27 0.15 

3 v 0.53 0.89 0.90 0.76 0.71 0.60 0.25 0.16 

4 v 0.00 0.36 0.54 1.06 0.46 0.98 0.23 0.19 

5 v 0.26 0.43 0.78 1.03 0.87 0.87 0.23 0.21 

6 v 0.12 0.22 0.57 0.84 0.60 0.98 0.21 0.21 

7 v 0.24 0.10 0.33 0.87 0.60 0.71 0.24 0.21 

8 v 0.33 0.19 0.54 0.84 0.74 1.13 0.30 0.25 

9 v 0.69 0.00 0.22 0.98 0.82 0.71 0.30 0.16 

10 v 0.00 0.47 0.31 1.13 0.74 0.82 0.26 0.21 

1*10 v 0.53 1.43 0.48 0.99 0.85 0.28 0.54 0.11 

2*10 v 0.97 0.59 0.22 0.85 0.67 0.45 0.57 0.22 

3*10 v 1.73 2.62 0.06 0.79 0.86 0.56 0.47 0.26 

4*10 v 1.93 0.42 0.37 0.92 0.70 0.36 0.66 0.33 

5*10 v 2.54 0.60 0.41 0.62 0.81 0.65 0.69 0.33 

6*10 v 2.51 0.68 0.42 0.86 0.85 0.43 0.68 0.33 

7*10 v 2.66 0.87 0.71 0.88 0.90 0.46 0.80 0.36 

8*10 v 2.77 1.05 0.73 0.78 0.77 0.40 0.79 0.40 

9*10 v 3.06 1.22 0.74 1.05 0.94 0.43 0.83 0.44 

10*10 v 3.19 1.26 0.90 0.90 0.92 0.37 0.85 0.42 

Average 1.29 0.77 0.53 0.90 0.74 0.64 0.47 0.26 
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