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  It is a great privilege to prepare the Foreword for Dr. Mark Brook ’ s 
book on ultrasonic probe designs. Before we get into the technical 
aspects of this work, it is worthwhile to discuss some background on 
how he came to work in our laboratory. Dr. Brook was a professor at 
the Leningrad Transportation Institute and specialized in the design and 
implementation of ultrasonic testing methods for propulsion system 
and hulls of transport ships. He emigrated from the Soviet Union after 
obtaining an exit visa under the Helsinki Accord in 1979 and moved 
to Boston, Massachusetts, with the support of the Jewish Family 
Services organization. While at an American Society for Non -
 Destructive Testing meeting, an anonymous person (to whom we are 
forever grateful) suggested that he apply for a position in the fl edgling 
NDE Development Laboratory at Combustion Engineering. The inter-
view was a fascinating experience in which we conversed primarily in 
the universal language of mathematics. It was obvious at the conclusion 
of this discussion that Dr. Brook had more knowledge of ultrasonic 
testing theory than the collective assembly of the other engineers. He 
settled in quickly in his new environs, but there were a few humorous 
moments, such as when he came to my offi ce and asked for a permis-
sion slip to drive across state lines so he could visit his wife, who was 
still in Boston. 

 Over the span of three decades, Dr. Brook ’ s contribution to the 
application of ultrasonic testing has been immeasurable. His transducer 
designs were instrumental in many diverse and diffi cult inspection 
issues involving such diverse applications as nuclear power plant 

Foreword
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xiv Foreword

components and aerospace components (including the design of the 
inspection system for solid rocket motors for the space shuttle program 
after the Challenger  disaster). In every case, he started fi rst with prin-
ciples and theory to design a precise transducer concept customized for 
the job at hand. He consistently brought theoretical concepts to a practi-
cal conclusion with a variety of novel transducer designs. His work 
included breakthrough designs for creeping wave, refracted longitudi-
nal, and, most notably, Lamb wave transducers. The majority of all the 
transducer designs that we successfully deployed in the fi eld were 
based directly or indirectly on his teachings, from which we benefi ted 
greatly. It has truly been an honor to work with and learn from 
Dr. Brook over all these years. This educational work is an excellent 
blueprint for future endeavors in ultrasonic testing applications. 

   J. P. Lareau 
Chief Engineer, NDE Technology
Westinghouse Electric Company
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  My many years in ultrasonic  nondestructive testing  ( NDT ) as an engi-
neer and a teacher have given me the opportunity to understand what 
NDT practitioners, technicians, and engineers need to know for every-
day activity in an ultrasonic inspection technology development, search 
unit design, and application. 

 Ultrasonic nondestructive testing is a relatively new branch of 
science and industry. The development of ultrasonic testing began in 
the late 1920s  [1] . Initially, the fundamentals of this method were bor-
rowed from basic physics, geometric and wave optics  [2] , and acoustics 
and seismology  [3] . It later became evident that some of these theories 
and calculations could not always explain the phenomena observed in 
many instances during an ultrasonic test. Without understanding the 
nuances of  “ ultrasonic ”  wave propagation in the test object, it is impos-
sible to design an effective inspection technique and search units to 
accomplish the task.  “ The devil is in the details. ”  

 The development of calculation methods, specifi cally for ultrasonic 
testing, began in the 1950s. At fi rst, the development of the ultrasonic 
fi eld for angle beam probes was addressed to satisfy the practical appli-
cation of ultrasonics to weld joint inspection  [4] . Many methods of 
calculation were developed and specifi c calculations were performed 
and compared with experimental results. Most of these methods were 
complicated and not suitable for routine inspection procedure develop-
ment and search unit design. But the results achieved enable an under-
standing of the acoustic fi eld structure in the test object and of ray 

Preface
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xvi Preface

tracing methods. This knowledge now permits the use of much less 
complicated equations for everyday calculations, followed by, if neces-
sary, correction of test results using experimental data. As we all know, 
the experiment is the criterion of truth. 

 By writing this book I have tried to combine basic physics of wave 
propagation, elementary mathematics, and advanced practical applica-
tion. Almost every case of a specifi c technique development and probe 
design is confi rmed with experimental data and examples of the appro-
priate calculations. 

 Chapter  1  begins with an NDT methods overview. Short descrip-
tions of NDT methods include physical phenomenon that forms the 
basis of each method, along with the basic facts about the advantages 
and limitations. It is apparent from this overview that the ultrasonic 
method is much more versatile than other methods. 

 This chapter includes ultrasonic wave type overview of the major 
parameters of waves most commonly used in the inspection of test 
objects. The parameters include direction of wave propagation and 
particle oscillation, as well as their propagation velocity. 

 Chapter  2  discusses the principles of search unit design and 
focuses on probes for automated inspection. Description of acoustic 
properties of crystal materials and, especially, wedge materials, are 
followed by modern methods of velocity and attenuation measurements 
and calculation. Practical considerations are given for crystal size selec-
tion relative to frequency and test object wall thickness. The chapter 
includes calculations of a transducer ’ s directional characteristics and 
main lobe profi le. Special attention is given to the near fi eld acoustic 
structure and major discrepancies between theory and reality. This is 
illustrated by the fi eld structure of a straight beam transducer obtained 
by C - scan. 

 Chapter  3  is dedicated to a single angle beam probe design. It is 
shown that the main lobe profi le calculated by using Snell ’ s law differs 
from empirically obtained results. Practical concepts of wedge design 
are based on an imaginary crystal size and its location on a wedge. The 
phenomenon of the probe ’ s exit point and lobe ’ s central ray deviation 
leads to the necessity of a wedge angle correction. 

 Dual straight and angle beam probe design is discussed in Chapter 
 4 . Sequence of wedge calculations for a dual longitudinal wave angle 
beam probe is presented along with examples of probe design. Two 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Preface xvii

concepts of wedge calculation and design for dual angle beam probes 
are presented. Special attention is given to probe design for the inspec-
tion of test objects with concentric surfaces including wedge calcula-
tions for phased array probes. Description of sensitivity curve 
construction concludes this section of the chapter. 

 In Chapter  5  the concept of  “ packaging ”  for multi - crystal probe 
design is discussed. Many variations of probe design are presented. 
Detailed calculations of the triplex probe are followed by the example 
of the design. 

 Technique development and probe design for  time of fl ight diffrac-
tion  ( TOFD ) techniques application is the topic of Chapter  6 . Forward 
and back scattering techniques are discussed for inspection of test 
objects with fl at and curved surfaces. Examples of probe calculation 
and design for both cases are presented in detail. Special attention is 
given to Tandem probes with examples of signals obtained from dif-
ferent refl ectors. A short description of gliding diffracted waves and 
probe design for their generation is included. 

 Chapter  7  is dedicated to technique development and probe design 
for the inspection of cylindrical rods of several types. A description of 
boundary effects serves as a guideline for generation of symmetrical 
and asymmetrical rod - guided waves. Technique development and probe 
design for stud inspection from the stud end surface reveals problems 
associated with beam propagation. Stud inspection from the center -
 drilled bore is discussed. Probe design in this case is more complicated, 
but the results prove to be superior. Particular emphasis has been placed 
on the convex mirror calculation of probes designed for detection of 
small refl ectors on the outside surface of studs and relatively thick wall 
cylinders. The end of this chapter includes examples of how to calculate 
the dimensions and types of refl ectors to be machined in stud calibra-
tion standards. 

 Chapter  8  is dedicated to technique development and probe design 
for the inspection of hollow cylinders by Lamb - type guided waves. The 
chapter begins with a description of the necessary conditions to create 
Lamb waves. The concept of phase and group velocities is presented 
in accordance with physical optics. A list of Lamb wave propagation 
parameters is illustrated by analysis of dispersion curves. The key fea-
tures of Lamb wave propagation are very helpful in understanding 
wave propagation in thin wall hollow circular cylinders. Principles for 
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selecting the best modes and frequencies for detection of refl ectors in 
water - loaded test objects are correct for both thin plates and hollow 
cylinders. Several examples are given of how the general rules for 
Lamb - type guided wave propagation can be applied to technique devel-
opment and probe design for inspection of different types of hollow 
cylinders. Experimental results are presented to demonstrate the energy 
distribution along a hollow cylinder. 

 Attention is given to experiments and explanation of how a water 
layer thickness in contact with a plate or hollow cylinder infl uences the 
wave propagation. 

 In Chapter  9 , technique development and probe design for immer-
sion methods of inspection is presented. Equations are given for geo-
metric and acoustic parameter calculation. Practical assessment of 
design feasibility is followed by the example of immersion focused 
probe calculation with a single - surface lens. 

 Chapter  10  presents technique development and probe design for 
reactor pressure vessel nozzle inner radius inspection. The nozzle inner 
radius region is a unique test confi guration. It can be inspected from 
the outside surface of the nozzle or from its inside surface. Both tech-
niques, contact and immersion, are discussed. Principles of technique 
development and probe design are discussed, and practical probe design 
for each of the methods is presented. 

 Chapter  11  explains how to evaluate probes. The acquired param-
eters will help the probe designer to assess the correctness of the design. 
It will also be useful for the technician to avoid using inappropriate 
probes. Two main parameters measured during the probe evaluation, 
that is, time response and frequency response, allows the possibility to 
calculate all other necessary parameters. The choice and design of the 
appropriate reference blocks is discussed. 

 The book also includes four appendixes. 

ACKNOWLEDGMENTS 

 My fi rst intention was to substitute the traditional personal acknowledg-
ments with humor, as published in  The Journal of Irreproducible 
Results . For example, in the fi rst issue published in 1960, from an 
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  CHAPTER 1

Introduction    

    1.1. GENERAL CHARACTERISTIC OF 
NONDESTRUCTIVE TESTING ( NDT) METHODS 

  Nondestructive testing  ( NDT ) is a process of detection, measurement, 
and evaluation of discontinuities in raw materials or fi nished parts, 
without any damage to these. 

 NDT methods may be classifi ed under the physical principles that 
form the basis for each method. NDT methods are named according to 
these physical principles. 

 The most common methods are 

   •      Penetrant testing (PT);  

   •      Magnetic particle testing (MT);  

   •      Eddy current testing (ET);  

   •      Radiographic testing (RT);  

   •       Ultrasonic testing  ( UT );  

   •      Acoustic emission testing (AE);  

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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2 CHAPTER 1 Introduction

•      Visual testing (VT); and  

•      Thermal infrared testing (TIR).    

 Discontinuities are classifi ed based on their types and location and 
material processes in which they may exist. This important information 
regarding the detection of these anomalies begins with the question of 
detectability. There are a number of discontinuities that can occur at 
any stage of manufacturing and during service. The occurrence of dis-
continuities is governed by and is paraphrased in Murphy ’ s law:  “ If 
any discontinuity can occur — it will. ”

 There are approximately 80 names for the discontinuities that 
uniquely identify them  [5, 6] . All these discontinuities can be reduced 
to fi ve basic types, as shown in Figure  1.1 .   

 Basic characteristics of NDT methods are presented in Table  1.1 , 
which shows a brief summary of the NDT methods.   

 A synopsis of NDT method preferences based on the types of dis-
continuities in materials of test objects is shown in Table  1.2 . And once 
again, this is only a brief look at each NDT method.   

 The information presented in Table  1.2  provides only a general idea 
of method preferences. Each inspection situation is unique and requires 
special consideration. It is apparent that the ultrasonic method is more 
versatile than the other methods, and in most cases, it can be used as 
a main or a complementary inspection method.  

Figure 1.1     Basic types of discontinuities: (1) a planar surface rupture, (2) a subsurface 
planar rupture, (3) an internal volumetric cavity, (4) a geometric imperfection, (5) an 
internal planar rupture. (A) Test surface, (B) opposite surface.  

1 2 3 4 5
A

B
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Table 1.1

Basic Characteristics of NDT Methods 

   NDT method     Main characteristic of NDT method  

  Penetrant testing (PT)    Based on capillary action — a surface tension phenomenon. 
 The method used for the detection of surface 
discontinuities in nonporous, solid, ferromagnetic, or 
nonferromagnetic materials. 

 Two types of penetrant are available: visible dye penetrant 
and fl uorescent penetrant.  

     Advantages    The method is sensitive and inexpensive.  
     Limitations    Only discontinuities open to the test surface can be 

detected. Sensitive to temperature variation, surface 
conditions, and part preparation.  

  Magnetic particle 
testing (MT) 

    Advantages  

  Based on the detection of magnetic leakage fi eld, caused 
by planar discontinuities open to the surface and slightly 
subsurface. To visualize the leakage fi eld, ferromagnetic 
particles are applied to the inspection surface of a 
magnetized test sample. 

 These are attracted to the leakage fi eld, and in doing so 
render the discontinuity as a visible indication. 
Ferromagnetic particles follow the contour of the 
discontinuity. 

 Interpretation of test results is relatively easy; thin, 
nonferrous metallic or nonmetallic coatings only slightly 
deteriorate the test results.  

     Limitations    Only ferromagnetic test objects can be inspected, and only 
discontinuities open to the surface, or slightly subsurface, 
can be detected. Demagnetization of the test object is 
usually required.  

    Sharp changes in the confi guration of the test object can 
make the interpretation of test results diffi cult.  

  Eddy current testing 
(ET)

  Based on inductive properties of alternating current. Eddy 
currents are the circulating electrical fi elds induced in a 
conductive test object by an alternating magnetic fi eld. 
During an eddy current test, a primary circuit (test coil) 
induces the eddy current into a secondary circuit (test 
object). Any factor that affects this current fl ow (e.g., 
crack open to the scanning surface) will affect the current 
parameters in the test coil, which can be measured and 
hence detect a crack.  

(Continued)
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4 CHAPTER 1 Introduction

Table 1.1 

(Continued)

   NDT method     Main characteristic of NDT method  

     Advantages    Equipment is portable, no powders or other materials 
needed to be applied to the surface of a test object. 
Surface preparation is generally not necessary and 
cleaning is not usually required. For example, the inner 
surface of the tubing can be inspected with this method.  

     Limitations    Test object material must be electrically conductive. 
 Ferromagnetic materials present diffi culties for inspection. 
 Detectability of subsurface discontinuities is possible but 
limited.

  Radiographic testing 
(RT)  

  Based on the sensitivity of X - rays or nuclear radiation to 
variations in thickness and density of a given test 
material. This method permits the detection and 
evaluation of discontinuities in materials. The penetrating 
radiation produces an image on a fi lm or detector that 
converts the radiation into a visible image.  

     Advantages    Provides an accurate and permanent record of test results. 
Used to detect mostly volumetric discontinuities. 
Discontinuity characterization is relatively easy to 
perform.

     Limitations    Defect orientation. Radiation safety hazards. With gamma 
radiography, the discrete energy of the gamma radiation 
source limits its application.  

  Ultrasonic testing 
(UT)

  Based on elastic wave propagation in solid materials and 
subsequent refl ection from discontinuities. Ultrasonic 
energy is generated in most cases by a piezoelectric 
element. Energy refl ected from a discontinuity is received 
by the same or other elements. Data displayed on an 
instrument screen in the form of A - , B - , and C - scans. 

 This kind of data presentation provides for accurate sizing 
and evaluation of detected discontinuities.  

     Advantages    An inspection can be performed from an accessible surface 
to detect and size almost all types of discontinuities, 
volumetric or planar on the same and oppsite surface of a 
test object. A variety of techniques can be used based on 
frequencies, part confi guration, and modes of propagation.  

     Limitations    Orientation of planar discontinuities and material grain 
structure can affect detectability. A complex - shaped 
scanning surface can reduce the effectiveness of an 
inspection.

(Continued)
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   NDT method     Main characteristic of NDT method  

  Visual testing (VT)    Based on the use of electromagnetic radiation at visible 
frequencies. Two methods are available: 
 Direct method — using visual aids such as mirrors, 
telescopes, and cameras. 

 Remote method — using borescopes, fi berscopes, and 
video technology.  

     Advantages    Raw materials and fi nished product can be inspected.  
     Limitations    Only surface conditions, for example, geometric 

imperfections, can be detected and evaluated. Access to 
inspection zone can be restricted.  

  Acoustic emission 
testing (AE)  

  A passive method of nondestructive testing to detect and 
locate discontinuities in mechanically loaded structures. It 
is based on the detection of acoustically generated waves 
from rapidly growing cracks.  

     Advantages    Sensitive to developing discontinuities. The total structure 
can be monitored.  

     Limitations    Noise sensitive. Baseline noise should be measured before 
testing.

  Thermal infrared 
testing (TIR)  

  Based on variations in heat propagation and attenuation in 
a solid material. After a test object is heated, a 
discontinuity within the material structure presents an 
obstacle for heat fl ow, and this leads to a nonuniform 
thermal spread on the test object surface that can be 
visualized.

 Used in the aerospace industry for composite material 
inspection and in the production of electrical systems to 
asses their integrity. Anomalies are detected by thermal 
and infrared sensors.  

     Advantages    Noncontact, fast method that can create a thermal image. 
By “ real - time ”  viewing of the image, evaluation can be 
accomplished almost immediately.  

     Limitations    Limited application. Generally, only the accessible surface 
of the test object can be thermally inspected.  

Table 1.1 

(Continued)

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



6 CHAPTER 1 Introduction

Table 1.2

NDT Method Preferences 

   Type of 
discontinuities

   Type of material     NDT method preferences  

   First order     Second order  

  Planar surface 
rupture on test 
surface

  Nonmetallic, 
nonporous

  Penetrant    Ultrasonic  

  Ferromagnetic    Magnetic 
particle

  Penetrant, ultrasonic  

  Conductive    Eddy current    Penetrant, ultrasonic  

  Planar surface 
rupture on 
opposite surface  

  Any solid material    Ultrasonic      

  Subsurface planar 
rupture near test 
surface

  Nonmetallic, 
nonporous

  Ultrasonic      

  Ferromagnetic    Ultrasonic    Magnetic particle  
  Conductive    Ultrasonic    Eddy current  

  Subsurface planar 
rupture near 
opposite surface  

  Any solid material    Ultrasonic      

  Internal 
volumetric
discontinuity

  Any solid material    Radiographic    Ultrasonic  

  Internal planar 
rupture

  Any solid material    Ultrasonic    Radiographic  

  Geometric 
imperfection on 
test surface  

  Any material    Visual      

  Geometric 
imperfection on 
opposite surface  

  Any solid material    Ultrasonic    Radiographic, if the 
opposite surface is 
accessible

1.2. ULTRASONIC WAVE TYPE OVERVIEW 

 Different types of waves or modes are used in ultrasonic testing. They 
differ by the direction of propagation and the particle motion as well 
as by the velocity of propagation ( [7, 8] ). 

 Solids, liquids, and gaseous media are characterized by their elas-
ticity of volume, that is, their ability to retain the volume, but the solid, 
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in addition, has an elasticity of shape, that is, its ability to retain the 
shape. The shear elasticity of solid materials is a result of this feature. 
Any attempt of a volume expansion or compression, as well as a shift-
ing of adjacent layers using variable force, will result in an occurrence 
of an elastic oscillation. Thus, so - called tensile - compression oscilla-
tions can be created in all media except within a vacuum. Waves with 
this type of particle motion are   longitudinal  wave s. (Particle motion is 
parallel to the direction of propagation.) 

 In addition,  shear  or transverse waves can exist in a solid material. 
Particle motion in shear waves is perpendicular to the direction of the 
beam propagation. In most cases, shear waves are propagated at an 
angle to a test object surface. However, when necessary, S - waves can 
be generated perpendicular to a test object surface, using a special 
transducer and couplant. Both longitudinal and shear waves are bulk 
waves.

 There are two types of S - waves: vertically polarized shear waves 
(SVs) and horizontally polarized shear waves (SHs). In the vertically 
polarized shear waves, particles oscillate in a plane perpendicular to 
the test object surface (Figure  1.2 ). In the horizontally polarized shear 
waves, particles oscillate in a plane oriented at the refracted angle β  to 
the test object surface (Figure  1.3 ).   

 Vertically polarized shear waves are commonly used in ultrasonic 
testing. Note that in both S - wave cases, the particles oscillate perpen-
dicular to the direction of wave propagation, but in different planes. 

Figure 1.2     Vertically polarized shear waves: (A) a test object surface, (B) the plane 
vertical to the test object surface. (1) The direction of wave propagation, (2) the direction 
of particle oscillation.  
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8 CHAPTER 1 Introduction

 Longitudinal waves are generated by straight beam transducers. 
Vertically polarized shear waves are generated by a probe comprising 
a transducer and a wedge. Horizontally polarized shear waves, as a rule, 
are generated by an electromagnetic acoustic transducer (EMAT). 

 In addition to bulk waves, a number of other wave types are com-
monly used in ultrasonic testing: surface or Rayleigh waves, normal or 
Lamb waves, and several other types of guided waves. 

 A surface wave is a combination or superimposition of longitu-
dinal and vertically polarized shear waves. A surface wave ’ s maximum 
energy is concentrated on the surface of the test object where the waves 
are generated and rapidly decrease with depth. Therefore, surface -
 breaking discontinuities are detectable with these waves. 

 If a test object surface is free (e.g., not loaded with liquid), surface 
waves propagate over a relatively long distance, following the surface 
curvature, if any, and refl ect from surface - breaking planar discontinui-
ties and thus, the discontinuities are detectable. If a test object surface 
is loaded with a liquid (water or oil), this will result in additional attenu-
ation, reducing the distance of wave propagation. A rough test object 
surface reduces the sensitivity for discontinuity detection. 

 In relatively thin plates, when the plate thickness is less than 
three or four wavelengths, the bulk waves cannot propagate. The thin 
plate acts as a wave guide. The bulk waves transform, under certain 
conditions, into normal or Lamb waves. This transformation is caused 

Figure 1.3     Horizontally polarized shear waves: (A) a test object surface, (C) the plane 
at refracted angle β  to the test object surface. (1) The direction of wave propagation, (2) 
the direction of particle oscillation.  
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1.2. Ultrasonic Wave Type Overview 9

by mode conversion and by multiple refl ections from the plate 
boundaries.

 The propagation velocity of Lamb waves depend on the frequency, 
as well as on the acoustic and mechanical properties, of the test object 
material. The phenomenon of velocity dependence on the frequency is 
called velocity dispersion. 

 Two types of probes can be used to generate Lamb waves: a special 
angle beam and  “ comb probes. ”  To calculate parameters for these 
probes, one should use dispersion curves for phase velocities. These 
curves, along with dispersion curves for group velocities, are precalcu-
lated for a given material, such as aluminum, steel, and inconel. Two 
basic types of modes can be generated: symmetric and asymmetric. 

 Each dispersion curve on each graph represents one mode, which 
is traditionally marked by the letters A or S. The letter A is designated 
for asymmetric modes, and the letter S is designated for symmetric 
modes.

 The symmetric Lamb modes (Figure  1.4 S) are named so because 
the particle displacement is symmetric relative to the neutral axis of a 
plate, and along this axis, the particle is oscillating only in a longitu-
dinal direction. The asymmetric Lamb modes are the fl exural waves; 
that is, the particles along the neutral axis of a plate are oscillating 
strictly in a transverse direction (Figure  1.4 A).   

Figure 1.4     Schematic representation of symmetric (S) and asymmetric (A) modes.  
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10 CHAPTER 1 Introduction

 Each of these modes can be generated in different orders, 
depending on the probe frequency and the thickness of the plate. 
These orders are marked by subscripts 0, 1, 2, and so on, for example, 
S0  and A 1 . 

 The group velocity is the velocity of energy propagation along 
a plate (see Chapter  8 ). It is used for the distance calculation between 
the probe and the location of the detected discontinuity. Plate waves 
are only one example of guided waves. There are other examples 
when shapes and dimensions of a test object can determine the type 
of the propagating waves. For example, a thin hollow cylinder or 
a relatively small diameter rod can serve as a guide for wave 
propagation.

 As compared with a thin plate, in a thin wall hollow cylinder, 
additional modes are propagating, for example, torsion. To distinguish 
Lamb waves from waves propagating in hollow cylinders, the latter can 
be named “ Lamb - type ”  - guided waves. 

 The waves propagating in a small diameter rod (rod waves) are 
similar to those in a thin wall hollow cylinder. A relatively long rod 
with a relatively large diameter can also serve as a guide for wave 
propagation due to the “ boundary effect, ”  but in this case, the waves 
are not dispersive. 

 There are other sets of waves that are very often used in ultrasonic 
testing. These waves are produced at or near the fi rst critical angle. 
According to Snell ’ s law, at the fi rst critical angle  α1CR , the longitudinal 
wave L should propagate along the front surface of a test object, and 
only shear wave S should propagate inside the test object at a calculated 
refracted angle β  (Figure  1.5 ).   

 In reality, the composition of waves propagating in a test object at 
the angle of incidence equal to or near the fi rst critical angle is different. 
We will describe these waves using the conventional terminology 
accepted at the time of discovery. 

 Along the near surface propagates  creeping  wave Cr, which has a 
velocity close to the longitudinal wave (Figure  1.6 ). The distance of 
propagation is short, approximately 30 or 40   mm in a steel test object. 
This wave is not sensitive to the roughness of the test object surface 
and is therefore used for the detection of surface and subsurface dis-
continuities. At each point of the creeping wave propagation, an S - wave 
SIND  is emitted. It is termed as  indirect shear wave , which propagates 
at an angle βIND  equal to approximately 33 °  in steel.   
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1.2. Ultrasonic Wave Type Overview 11

Figure 1.5     Structure of the waves propagating in a test object at the fi rst critical angle 
according to Snell ’ s law.  
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Figure 1.6     Real structure of waves propagating at the fi rst critical angle in a test object 
with fl at front surface.  
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 If the opposite surface of the test object is parallel to the front 
surface, this wave generates creeping wave on that surface also, but as 
a mirror image. 

 The longitudinal wave L propagates at a refracted angle  βL . This 
angle is equal to approximately 75 °  for steel, and therefore, this wave 
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12 CHAPTER 1 Introduction

is termed a high angle L - wave  or  head wave . This wave is more effi -
ciently used for the detection of deeper - than - subsurface discontinuities 
and, what is more important, for the generation of tip diffraction waves 
if the targets are planar, crack - like fl aws. 

 And fi nally, the shear wave S propagates at angle  β , calculated in 
accordance with Snell ’ s law. This is  a direct shear wave . 

 All these terminologies became familiar to the NDT community; 
however, during the years that followed, research has shown that not 
all of these waves exist as individual waves. 

 There are other  “ exotic ”  wave types that are sometimes used in 
ultrasonic testing, for example, Stoneley waves  and  Love waves . These 
waves are not discussed in this book. For more information, see 
References  9 and 10 .    
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  CHAPTER 2

Introduction to Search 

Unit Design     

    2.1. PRINCIPLES OF SEARCH UNIT DESIGN 

   2.1.1. Basic Types of Ultrasonic Search Units 

 The success of any ultrasonic inspection depends very much on the 
right selection of the search units or transducers, which generate, trans-
mit, and receive ultrasonic waves and thus provide a considerable 
amount of information about existing refl ectors in the test object. 

 According to the defi nition in the  American Society for Testing and 
Materials  ( ASTM ) E 1316 - 10b,  a transducer is an electro acoustical 
device for converting electrical energy into acoustical energy and vice 
versa . A search unit (or the more popular term  probe ), consists not only 
of a transducer but also of other components, for example, a wedge, 
lens, or mirror, to redirect and shape the ultrasonic beam according to 
the inspection requirements. 

 A probe design, inspection method, and technique development are 
interrelated processes. Almost any inspection task requires the develop-
ment of a specifi c technique, after which a probe can be selected or 
designed to satisfy the inspection requirements. The availability of 
ultrasonic instruments with the required parameters infl uences the 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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14 CHAPTER 2 Introduction to Search Unit Design

probe design. Therefore, to describe a probe design separately from the 
inspection technique development, or at least without understanding its 
capabilities, is impracticable. 

 It is interesting to trace the evolution of probe design along with 
the evolution of ultrasonic methods, instrument development, and 
inspection requirements. 

 Initially, ultrasonic instruments were designed for manual scanning 
and had only one channel. Therefore, only one probe, single or dual, 
could be connected to the instrument. If the inspection procedure 
required several scans with different refracted angles, different probes 
had to be employed. 

 To speed up inspections, multichannel instruments in the form of 
multiple pulser – receiver units were designed to meet the capability for 
automated scanning. This led to the creation of multielement and mul-
tibeam probes. The goal was to design miniature probes with many 
piezoelectric elements, oriented in the desired direction to produce 
beams with several refracted angles. As a result, the scan pattern was 
changed— the linear scan appeared. The next step was the creation of 
the phased array method, transducers, and probes. This led us back to 
the possibility of using a single instrument with a single acquisition 
channel to accommodate the transducer array. Currently, these tech-
niques are very popular; however, single - element probes are still very 
much in use. 

 In some cases, a conventional probe can be applied for manual 
inspection, but as a rule for automated inspection, a conventional probe 
has to be modifi ed or a special probe designed for the specifi c 
application.

 Manufacturers of ultrasonic transducers, wedges, and probes fab-
ricate mostly common products for manual inspection. The basic types 
of common transducers and probes for manual examination are well 
known: straight beam transducers with or without a delay line, dual 
straight beam and angle beam probes. A typical angle beam probe is 
shown in Figure  2.1 .   

 Many manufacturers do not fabricate special probes to the cus-
tomer specifi cations or designs. Fabrication of the transducer itself 
requires special skills and equipment and can be accomplished only by 
specialized companies. However, companies providing  nondestructive 
testing  ( NDT ) services need to design and often fabricate probes for 
their own needs or for the needs of their customers. 
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2.1. Principles of Search Unit Design 15

 The main portion of a transducer, or as many practitioners 
named it, wedge driver, is a piezoelectric ceramic element (crystal) 
that, in most cases, generates  longitudinal wave s ( L - wave s). The 
main mode of vibration for crystals used in the ultrasonic NDT is the 
thickness expansion  mode. The generated L - waves pass through 
a matching layer and an acoustic delay line into the material of the 
test object. 

 In the case of angle beam probes, the acoustic delay lines are in 
the shape of a wedge. The material of the delay lines or wedges can be 
either some kind of liquid (usually water) for an immersion test tech-
nique or hard plastic for a contact inspection. 

 In almost any industry, there are many applications that require 
special probes. An automated inspection can also require specially 
designed probes such as multielement probes with couplant supply 
systems and wear protection. 

 The special probes for automated inspection contain the same basic 
components as conventional probes, but their combinations and char-
acteristics should be unique to provide the quality and reliability of the 
inspection results. These custom - designed probes have additional parts. 
A stainless - steel housing, for example, acts as a wear protector as well 
as a shield for all internal components. It also contains fi xtures to 
connect the probe to a scanning system, as well as internal passages 
for couplant delivery to the probe ’ s footprint. Instead of a complete 
transducer, only the crystal assembly portion is to be used. The crystal 
assembly usually consists of the crystal itself with an electrical circuit, 

Figure 2.1     A typical angle beam probe: a transducer attached to a wedge.  
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16 CHAPTER 2 Introduction to Search Unit Design

a matching layer, and the element backing to reduce the  “ ring - down ”
time to improve the resolution. 

 These types of probes can be called  sealed probes  in contrast to 
open , replaceable transducer probes. An example of a probe where the 
transducer or the wedge can be replaced is shown in Figure  2.1 . Sealed 
probe designs are more compact than the open type for the same 
number of transducers or crystal assemblies. Probes that utilize only 
crystal assemblies are less expensive than open probes with the same 
number of transducers. One example of the special probe is the triplex 
probe (see Figure  5.6  for details). 

 The most common triplex probe consists of two wedges and 
four crystal assemblies. For example, one pair of wedge and crystal 
assembly is for generating an ultrasonic beam of 45 °   shear wave  
( S - wave ) refracted angle and the other is for a 60 °  S - wave refracted 
angle. The front portions of the wedges and crystal assemblies are the 
dual straight beam portion of the probe (Figure  2.2  shows only the 
wedges).   

 The basic parameters of the probe have to be selected and calcu-
lated to ensure its proper function in a given test situation (see Section 
 2.1.5  for an example of a calculation). 

 Crystal assemblies or transducers are very specifi c components 
of the probe. As mentioned before, only a specialized manufacturer 
can fabricate them. However, delay lines and wedges are easy to fab-
ricate in almost any machine shop. This is why, in specifi c cases of 

Figure 2.2     Conceptual design of triplex probe wedges.  
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2.1. Principles of Search Unit Design 17

inspection, the transducers are bought as fi nished or semifi nished 
components (crystal assemblies), but the wedges are calculated, 
designed, and machined separately and then assembled with the crystal 
assemblies.

 The parameters of the transducer or crystal assembly to be 
chosen or calculated are frequency, size and shape of crystal, band-
width, and, in some cases, type of ceramic (crystal). All these and 
several more parameters are listed in the manufacturer ’ s specifi cations. 
Recommendations for choosing a transducer or writing specifi cations 
for the manufacturer will be discussed later. 

 The main objective of the wedge is to transmit ultrasonic energy 
from the transducer through the interface with a test object to create 
in it an acoustic fi eld suitable for a given inspection application. In 
the case of a single angle beam probe, the most important wedge 
parameter to calculate is the angle of incidence, or the wedge angle. 
This angle basically defi nes the parameters of an acoustic fi eld, 
such as types of refracted waves and their refracted and divergent 
angles.

 The purpose of an acoustic fi eld calculation is to determine its 
parameters at every point of the fi eld, specifi cally the sound pressure 
and the direction of particle motion which defi nes the mode. The basic 
parameters of the directional characteristics are the central ray refracted 
angle and the shape of the main lobe.  

2.1.2. Essential Facts about Ultrasonic 
Wave Propagation 

 As is well known, to detect and determine the size of discontinuity in 
a test object, two basic modes of ultrasonic waves and their superposi-
tion are used: L - waves and S - waves. In the case of angle beam probes, 
the L - wave, generated by the transducer or crystal assembly, changes 
its direction and, in many cases, experiences mode conversion at the 
interface of the wedge and an inspection material. 

 The laws of refl ection and refraction of light rays are well known 
from geometrical optics  [11]  and can be applied to calculate this direc-
tional change, as a fi rst approximation. These are 

  The law of refl ection —the refl ected ray lies in the plane of inci-
dence, and the angle of refl ection equals the angle of incidence .  
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18 CHAPTER 2 Introduction to Search Unit Design

  The law of refraction —the refracted ray lies in the plane of inci-
dence, and the sine of the angle of refraction bears a constant ratio 
to the sine of the angle of incidence :   

    
sin

sin

β
α

= const     (2.1)  

  where    α        =    angle of incidence and  

   β        =    refracted angle.    

 This law is usually called Snell ’ s law. The value of this constant is 
called the index of refraction n . It later became clear that the angle of 
refraction depends on the wavelength of light in each medium, which 
is a function of wave velocities. The law of refraction was then formu-
lated in the way we know it today:

    
sin

sin

sin sinα
β

α β= =V

V V V
1

2 1 2

or     (2.2)  

  where    V1        =    sound velocity in the fi rst medium and  

   V2        =    sound velocity in the second medium.    

 In addition to the laws of refl ection and refraction, a phenomenon of 
wave transformation or mode conversion has to be considered, accord-
ing to which one mode of waves can be converted into another. In a 
specifi c case when a hard wedge (e.g., Plexiglas) is coupled with a 
metal test object with parallel surfaces, and the L - wave is obliquely 
incident on the interface; in a general case, four additional waves occur: 
two refl ected and two refracted. A portion of the energy of the L - wave 
and the S - wave will refl ect back into the wedge, and the other portion 
will be transmitted (refracted) into the test object material (Figure  2.3 ).   

 The angles of refl ection and refraction can be calculated prelimi-
narily using the laws mentioned above, knowing the angle of incidence 
and velocities in both mediums, according to the formula

    sin sin sin sin sinα α α β βl

wl

l

wl

s

ws

l

sl

s

ssV V V V V
= = = =1 1 2 2     (2.3)  

  where    αl°           =    angle of incidence L - wave;  

   αl1°           =    angle of refl ection L - wave;  
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2.1. Principles of Search Unit Design 19

   αs1°          =    angle of refl ection S - wave;  
   βl2°           =    angle of refraction L - wave;  
   βs2°           =    angle of refraction S - wave;  
   Vwl , mm/ μ s          =    velocity in the wedge material, L - wave;  
  V ws , mm/ μ s         =    velocity in the wedge material, S - wave;  
   Vsl , mm/ μ s          =    velocity in the test metal, L - wave; and  
   Vss , mm/ μ s          =    velocity in the test metal, S - wave.    

 And conversely, if the desired refracted angle and mode are known, the 
angle of incidence can be calculated, which is the most common sce-
nario in a wedge design. 

 The angles of incidence at which one or the other wave mode 
“ disappears ”  during refl ection or refraction at the interface are called 
critical angles (Figure  2.4 ).   

 According to Snell ’ s law, there are two critical angles connected 
with the incident L - wave at the wedge – metal interface. If the angle of 
incidence is equal to the fi rst critical angle  α1CR , the refracted L - wave 
should propagate along the surface rather than, for example, in the 
metal of the test object (this is not completely accurate, as it will be 
shown later). 

 If the angle of incidence is further increased to the second critical 
angle α2CR , the S - wave will transform into a surface wave, propagating, 
for example, along the metal – air interface. Beyond this angle, 

Figure 2.3     Wave refl ection and refraction at the wedge – steel interface. (1) Transducer, 
(2) wedge. α , angle of incidence,  βL , longitudinal wave refracted angle,  βS  - shear wave 
refracted angle.  
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20 CHAPTER 2 Introduction to Search Unit Design

according to this law, no wave will be transmitted into the material of 
the test object. 

 There is one more critical angle connected with the incidence of 
the S - wave on the opposite inclined surface of the test object or on the 
inclined lamination inside it. Under a certain lowest angle of incidence 
(the third critical angle α3CR ), the refl ected L - wave begins to  “ slide ”
along the test object metal – air interface, and only the S - wave is refl ected. 
If the back surface or a lamination within the material is parallel to the 
front surface, the L - wave begins to  “ slide ”  along the metal – air interface 
at the fi rst critical angle. But if these surfaces are not parallel, the angle 
of incidence will be different from the fi rst critical angle in order to 
achieve the third critical angle. These critical angles are essential for 
wedge design in certain cases. One of the examples of the third critical 
angle calculation is presented in Appendix  C .  

2.1.3. Basic Considerations for Delay Line and 
Wedge Design 

Delay Line for Straight Beam Probes  (Figure 2.5)

 A delay line for an immersion test is a column of water, and for a 
contact probe it is usually a cylinder (for a round crystal) of acrylic or 
polystyrene. In both cases, only one parameter should be calculated —
 the height of the delay line  h  to satisfy the inspection requirements, for 
example, to detect the refl ector at distance  H . The  time of fl ight  ( TOF ) 
in the delay line (Figure  2.5 ,  τd ) should be slightly greater than the TOF 

Figure 2.4     Wave propagation at the critical angles.  α1CR , fi rst critical angle,  α2CR , 
second critical angle, α3CR , third critical angle.  
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2.1. Principles of Search Unit Design 21

τ  to the specifi ed refl ector in a test object in order to avoid signal coin-
cidence with the second multiple 2 in the delay line and the signal 3 
from the refl ector or back wall. The difference of  τd     −     τ  should be not 
less than several microseconds. This depends on the probe bandwidth, 
wave duration, and depth of refl ection.   

 The idea of the delay line height calculation can be illustrated by 
using the concept of an imaginary crystal  [4] . The real crystal is located 
in the position a , at the distance  H  from the surface of the test object. 
When an ultrasonic ray strikes the interface of the test object at the 
angle α , it changes direction (refracted at angle  β ). If two refracted rays 
are extended back into the delay line, they will cross at the distance h . 
This is the position of the imaginary crystal b. The unknown position 
of the imaginary crystal h  can be expressed in terms of the known 
position of the real crystal H  and the velocities in the fi rst (1) and 
second (2) mediums (Figure  2.6 ):

    h
c=

tanβ
    (2.4)  

    H
c=

tanα
    (2.5)  

    h H= tan

tan
.

α
β

    (2.6)     

Figure 2.5     Diagram related to a delay line calculation.  
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 For small angles tan    ≅    sin; thus,

    tan sin

tan sin
.

α α
β β

≈
≈

    (2.7)   

 According to the law of refraction,

    sin

sin

α
β

= V

V
1

2

    (2.8)  

  and

h H
V

V
≅ 1

2

    (2.9)  

  where    V1        =    sound velocity in delay line material and  

   V2        =    sound velocity in test object material.    

Figure 2.6     A delay line height, according to the concept of the imaginary crystal. (1) A 
delay line medium, (2) a test object medium.  
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2.1. Principles of Search Unit Design 23

 This means that the delay line medium of height  H  was exchanged with 
the test object medium, and the test object surface is moved up on the 
distance h . Thus, the TOF in the test object material at distance  h  is 
equal to the TOF in the delay line material at distance  H :

    τ τd / and /= =H V h V1 2.     (2.10)   

 The concept of the imaginary crystal is also useful for near - fi eld dis-
tance calculation in a test object when using a delay line: The distance 
h  should be subtracted from the calculated near - fi eld distance.  

Wedge for Angle Beam Probe 

 A material for a solid wedge should meet several requirements. The 
wave velocity in the wedge material should be less than the wave veloc-
ity in the inspected material in order to cover the entire quadrant Q 
from 0 °  to 90 °  with refracted L -  and S - waves (Figure  2.7 ). More pre-
cisely, the L - wave velocity in the wedge material has to be less than 
the S - wave velocity in the material of the test object.   

 Attenuation in the wedge material is also signifi cant. It should 
be as low as practically possible not to attenuate ultrasonic energy on 
the way from the crystal to the interface with the test object. At the 
same time, it should be high enough to attenuate refl ections from 
the interface (or within the wedge itself), which can produce noise in 

Figure 2.7     Diagram of an entire quadrant coverage.  
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24 CHAPTER 2 Introduction to Search Unit Design

the wedge. The wedge material also has to be wear resistant to prolong 
its life. 

 The plastics, such as acrylics and polystyrene, which are used for 
wedge fabrication, partly meet the fi rst two requirements but do not 
meet the wear resistance requirement. 

 It is very important to standardize wedge material in order to main-
tain consistency. Each new batch of materials has to be carefully mea-
sured for velocity before it is used. 

 Methods of velocity and attenuation measurements in wedge mate-
rials will be discussed later. 

 Proper wedge design can totally eliminate wedge noise  [12] . The 
fi rst requirement for the design is to prevent the refl ection of energy 
from the interface and wedge corners back to the crystal. Due to the 
fact that the wedge contains only the near - fi eld portion of a beam, that 
is, the “ cylindrical ”  portion, the distance  n  between the exit point and 
the wedge front edge (the index) can be calculated as: n     ≥     n1  where 
n1     =     d /2cos α  (Figure  2.8 ). This will be achieved if the ray from the 
upper edge of the crystal will not touch the wedge front surface. It is 
also desirable that the refl ected S - wave ’ s ray from the low edge of the 
crystal should not touch the crystal ’ s upper edge.   

Figure 2.8     Internal refl ections in a wedge for single angle beam probe.  

h
h1

n1

n

Crystal assembly

d

S S L

α

α

α + αs

Wedge

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



2.1. Principles of Search Unit Design 25

 Thus, the height  h     ≥     h1     ×    cos    α  and should be calculated as

    h d
s

≥
+

cos

tan( )
.

α
α α

    (2.11)   

 Refl ections from the upper wedge corner, along with refl ections from 
the front and top surfaces, can also produce wedge noise. A geometrical 
ray tracing of the refl ected L - wave inside the wedge will help to fi nd 
potential sources of noise. S - wave ray tracing is not as important as 
L - wave ray tracing due to the higher attenuation of the S - wave. 

 There are ways to reduce or eliminate this kind of noise, such as 
to redirect the refl ected waves, to serrate the front and/or top wedge 
surfaces, and to cover the front and/or top wedge surface with a high -
 absorption material. Generally, it is easier to reduce or eliminate noise 
in the wedge for refracted S - wave than for refracted L - wave. The 
L - wave wedge has to be taller to achieve the same results of noise 
reduction as for the S - wave.   

2.1.4. Examples of Probe Design for 
Automated Inspection 

 The variety of wedge geometries of common probes for manual inspec-
tion can be seen in catalogs from any probe manufacturer. Examples 
of simple probe and wedges, designed for automated inspection, are 
shown in Figures  2.9  and  2.10 .   

 The single straight beam probe (Figure  2.9 A) has a couplant deliv-
ery system incorporated into its housing, along with pivot point bear-
ings for connection to a scanner. The wedge (Figure  2.9 B) comprises 
two parts: insert and body. 

 This insert serves as a wave guide and is made from regular wedge 
material. There are several ways to fabricate this type of wedge. For 
example, it can be pressed or glued in the body, or the body can be cast 
around the wave guide material. The body can be fabricated from hard 
polyurethane (or similar material), which has good wear resistance and 
sound absorption properties. This kind of wedge does not need serration 
or an additional absorber. 

 If the wedge needs serrations, its angles should be in the region of 
45– 90 ° . This is not as critical as its depth, which should be not less 
than the wavelength λ  of the L - wave in the wedge material. As usual, 
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the serration should be fi lled in with absorption material to reduce pos-
sible wedge noise. The absorber can reduce the wedge noise by approx-
imately 10 – 12   dB or more, depending on the wedge design. 

 In many cases, it may be practical to design one combined wedge 
with two refracted angles. The inserts should be machined from two 
different wedge materials. As an example, let us calculate the wedge 

Figure 2.10     Combined wedges for 45 ° S and 60 ° S refracted angles. Reprinted by 
permission of Westinghouse Electric Company LLC.  

Figure 2.9     Examples of probe and wedge for automated inspection. 
(A) Single straight beam probe; (B) wedge with insert. Reprinted by permission of 
Westinghouse Electric Company LLC.  

(A) (B)
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2.1. Principles of Search Unit Design 27

angle for combined wedge 45 ° S and 60 ° S for the inspection of a test 
object from carbon steel:

VST     =    3.23   mm/ μ s    =    S - wave velocity in steel;  

VPL     =    2.74   mm/ μ s    =    L - wave velocity in Plexiglas; and  

VPOL     =    2.24   mm/ μ s    =    L - wave velocity in polystyrene.    

 The wedge angle for the 45 ° S portion of the wedge can be made from 
Plexiglas, and the wedge angle for the 60 ° S portion of the wedge can 
be made from polystyrene. The angles of incidence are

    α = = °arcsin
.

.
.45

2 74

3 23
36 86

    α = = °arcsin
.

.
. .60

2 24

3 23
36 91

 The combined wedges with an angle of 37 °  are shown in Figure 
 2.10 . The wedge on the right also has protection plates of aluminum 
oxide. These plates can increase the sensitivity. For example, on the 
60° S portion of the wedge, an increase of approximately 10   dB can be 
observed.

2.1.5. Wedge Design for Surface Wave Probe 

 Wedge design for a surface wave probe requires special attention. 
In Reference  [13] , it was mentioned that the best condition to 
generate Rayleigh waves will be in the case when the upper ray of 
the crystal will touch the front edge corner of the wedge (point c  in 
Figure  2.11 A).   

 The distance between the exit point and the wedge front edge 
(index) in conventional S - wave or L - wave probes should usually be 
longer than the allowed minimum in an attempt to prevent wedge noise. 
Normally, this distance is not critical from an acoustic point of view as 
the acoustic fi eld of S -  or L - waves in the test object will not be infl u-
enced by an increased index. The only design consideration for wedge 
length would be, for example, to make the probe as short as possible 
to meet specifi c test conditions. 
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Figure 2.11     Surface wave probe conceptual design. (A) Upper ray of crystal touches 
the front edge corner of the wedge at point c ; (B) wave structure in the long wedge; 
(C) wave structure in the wedge with optimum length.  
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 For a surface wave probe, on the other hand, the length of the index 
is critical from the acoustic point of view. It was shown in Reference 
 [14]  that the extended index causes decay of the signal from a refl ector 
due to the redistribution of ultrasonic energy from surface wave propa-
gating in the test object into surface wave in the wedge. 
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2.1. Principles of Search Unit Design 29

 The best condition for surface wave generation will be the case 
when the rays from any point of the crystal in the plain of incidence 
arrive at point “c”  at the same time and hence to refl ector  R  (Figure 
 2.11 A). 

 Let us consider the situation of two rays from the upper and the 
lower points of the crystal directed to the front edge of the wedge. It 
can be shown that these two rays will arrive at point “c”  simultaneously, 
as well as any other rays in between. This situation can be formulated 
as follows: The TOF  t1  between points  ac  and  t2  between points  edc  are

    t
ac

VL
1 =     (2.12)  

    t
ed

V

dc

VL R
2 = +     (2.13)  

  where    VL       is the L - wave velocity in the wedge material and  

   VR       is the Rayleigh wave velocity in a test object.    

 If these two TOFs will be equal, the two rays will arrive in point  “c”
at the same time:

    ab

V

bc

V

ed

V

dc

VL L L R

+ = +     (2.14)  

  then

    ab ed bc dc= = ×and sin ,α     (2.15)  

  where  α  is the incident or wedge angle

    
ed

V

dc

V

ed

V

dc

VL L L R

+ = −sinα     (2.16)  

    dc
V VL R

sin
.

α −⎛
⎝⎜

⎞
⎠⎟ =1

0     (2.17)   

 If

    
sinα
V VL R

−⎛
⎝⎜

⎞
⎠⎟ =1

0     (2.18)  
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  then the optimum wedge angle is

    α = arcsin .
V

V
L

R

    (2.19)   

 Equation  2.19  permits the calculation of the optimum wedge angle for 
a given wedge material and the surface wave velocity in the test object 
material. For example, for the steel test object having L - wave velocity 
VLS     =    5.85   mm/ μ s and S - wave velocity  VSS     =    3.23   mm/ μ s and for two 
common wedge materials (Plexiglas and polystyrene), calculated 
wedge angles are summarized in Table  2.1  along with the second criti-
cal angles calculated according to Snell ’ s law.   

 One can see that the optimum wedge angles are larger than those 
calculated according to Snell ’ s law. 

 It can be shown that the maximum signal amplitude from a refl ector 
will be achieved when the acoustic contact between surfaces of a wedge 
and a test object is as short as practically possible. 

 When the wave from the transducer incidents the border wedge –
 couplant – test object surface, three waves will appear (Figure  2.11 B): 
refl ected wave 1, surface wave 2 propagated along the test object 
surface, and surface wave 3 propagated along the surface of the wedge. 
Wave 3 appears due to the redistribution of the energy from the surface 
wave propagating along the test object surface. It is obvious that 
the energy of surface wave 2 is diminishing. If the acoustic contact 
between the wedge and the test object is interrupted, the distribution 
of energy is terminated. Thus, the length of the acoustic contact 
between the wedge and the test object should be minimized to retain 
the energy in surface wave 2 (Figure  2.11 C). The objective of the 

Table 2.1 
Calculated Wedge Angles 

   Wedge material    L - wave velocity  
   mm/ μ s  

   Wedge angle  α , degree  

   Optimum     Snell ’ s law  

  Plexiglas    2.735    65.73    57.86  

  Polystyrene    2.24    48.3    43.91  

   L - wave, longitudinal wave.   
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wedge design is to provide conditions for keeping as much energy as 
possible in the surface wave that propagates along the surface of the 
test object. 

 It means that the index  n  should be as short as practically possible. 
A compromise between tolerable wedge noise and desirable signal 
amplitude from a specifi ed refl ector should be considered. A practical 
and acceptable index can be determined by the following experiment. 
The probe with the wedge length far greater than the calculated index 
should be used to generate a surface wave. The signal amplitude from 
the refl ector should be measured after cutting the wedge length in 
regular increments up to the point when the maximum signal amplitude 
will be achieved at the minimum wedge noise. 

 As an example, the results obtained from such an experiment are 
shown in Figure  2.12 .   

 The wedge from Plexiglas with the length of seven indexes, count-
ing from point  c  (Figure  2.11 A), was used in this experiment. The test 
sample was machined from a carbon steel with a notch refl ector one 
wavelength deep. 

Figure 2.12     Experimental graph: normalized distance of a refl ector versus normalized 
signal amplitude.  
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 On the abscissa, the normalized distances in index increments are 
plotted. Normalized signal amplitude is laid off along the vertical axis. 
This amplitude is the ratio of the signal amplitude measured after each 
cutting to the signal amplitude measured at the maximum wedge length 
that is at seventh indexes. One can see that at wedge lengths greater 
than approximately three indexes, the signal amplitude from a given 
refl ector is little affected. For wedge lengths less then three indexes, 
the signal amplitude increases drastically up to the point slightly beyond 
the index: in this case up to − 0.6 of the index. It is explainable having 
in mind a deviation of a wedge exit point (see Section  3.3 ). 

 Comparison of the performance of two wedges machined from 
Plexiglas with optimum angles of 65.73 °  and 57.86 °  (Table  2.1 ) indi-
cates that 

1.     the signal amplitude from the same refl ector at the same distance 
is approximately 10   dB less for the probe with a wedge angle 
of 57.86 °  and  

2.     the surface wave generated by using the probe with a wedge 
angle of 65.73 °  propagates at a much longer distance than the 
probe with a wedge angle of 57.86 ° .    

 These are due to the fact that the probe with a wedge angle of 65.73 °
generates mostly a surface wave, as the probe with a wedge angle 
of 57.86 °  also generates an S - wave at a refracted angle of approxi-
mately 80 ° , depending on the probe frequency and the test object 
material.   

2.2. CONSIDERATIONS FOR 
TRANSDUCER SELECTION 

2.2.1. Basics of Transducer Design 

 The information presented in this section are intended only as guide-
lines for selecting a transducer or a crystal assembly for a given 
inspection, or for writing specifi cations for their fabrication. As an 
example, for determining transducer or crystal assembly parameters, a 
typical straight beam transducer, as shown in Figure  2.13 , will be 
discussed.   
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 A piezoelectric ceramic element, or a crystal, is the main compo-
nent of a transducer. 

 The crystal vibrates more effectively at the resonance frequency, 
which is determined by its thickness and shape, for a given composition 
of the ceramic material. 

 The other transducer components are designed to make the perfor-
mance of the crystal as effi cient as practically possible  [15, 16] . 

Matching Layer 

 The purpose of the matching layer is to match the acoustic impedance 
of the crystal with the acoustic impedance of the load (water, wedge, 
test object, etc.). It provides conditions for the acoustic energy to be 
transmitted from the crystal to the load with the least possible loss of 
energy. If the acoustic impedance of the crystal and the load are exactly 
equal, all ultrasonic energy generated by the crystal will be transmitted 
at the interface. Three types of matching layers are commonly used 
depending on the transducer application: matching layer for water 
(immersion inspection), matching layer for wedge material, and wear 
plate for straight beam contact probe for the inspection of metals. In 
the last case, the plate is also a wear protector.  

Figure 2.13     Structure of (A) a straight beam transducer and (B) a crystal assembly. (1) 
Matching layer, (2) crystal, (3) backing, (4) housing, (5) tuning component, (6) cover, (7) 
connector, (8) ground.  
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Backing

 The word  backing  refers only to its location on the  back  side of the 
crystal. The purpose of it is to  damp  or reduce the crystal vibration 
duration to a desirable level, for example, to one or two cycles. It also 
absorbs a portion of the ultrasonic energy generated by the back side 
of a crystal. The most common backing material is a mixture of resin 
epoxy and tungsten powder in different proportions, depending on the 
crystal material and the desirable level of damping  [16,17] . Other mate-
rial combinations can be used. 

 While the positive infl uence of the backing is  “ resolution ”  enhance-
ment, the negative side is reduction in sensitivity or output energy. The 
degree of damping depends mainly on the acoustic impedance match 
between the backing material and the crystal. The composition of the 
backing material, along with the type of crystal, and electrical tuning, as 
a secondary infl uencing parameter, are the main determining factors 
used to achieve the desirable bandwidth. The bandwidth ( BW  in %) cal-
culation is based on the frequency response at the level of − 6   dB below 
the central frequency (Figure  2.14 ) and is expressed as a percentage:

Figure 2.14     Diagram related to calculation of a bandwidth.  
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    BW
f f

f
U L

C

= − ×100     (2.20)  

  where    fL           =    lower frequency at the level of  − 6   dB, MHz;  

   fU          =    upper frequency at the level of  − 6   dB, MHz; and  

   fC           =    center frequency, MHz.       

Tuning Components 

 Tuning components and wires, along with the crystal ’ s electrodes, are 
the transducer ’ s electrical circuit. The tuning components are incorpo-
rated for matching electrical  impedances of the crystal assembly with 
the ultrasonic inspection system. These components are also used for 
tuning the crystal ’ s resonant frequency. The wires connect the crystal ’ s 
electrodes to an external connector and then to the pulser – receiver 
system of an ultrasonic instrument.   

2.2.2. Acoustic Properties of Crystal Materials 

 Knowledge of the acoustic properties of the crystal material is neces-
sary for correct transducer or crystal assembly selection. The main 
characteristics of currently used piezoelectric crystals are summarized 
in Table  2.2  as average data based on different literary sources, for 
example, Reference  [18] . Each of the listed materials is fabricated in 
several varieties suitable for different applications. 

Table 2.2 
Characteristics of Selected Piezoelectric Materials 

   Physical property     Crystal material  

   Lead metaniobate 
(LM)

   Lead zirconate 
titanate (PZT)  

   Piezo -
 composite  

  Acoustic impedance Z, 
kg/m2  s 10 6

  20 – 27    30 – 39    8 – 12  

  Coupling coeffi cient, k t     0.30 – 0.40    0.40 – 0.53    0.5 – 0.7  

  Coupling coeffi cient 
for radial vibration 
mode,kp

< 0.1    0.58     < 0.1  

  Dielectric constant,  κ     300    1000 – 2000    300 – 600  
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 The most common material used is lead metaniobate. The use of 
PZT material has declined, but it is the most desirable material for the 
production of piezo - composite  crystals and phased array transducers. 
In order to select the correct crystal material or crystal assembly for 
the specifi ed application, the acoustic impedance of piezoelectric crys-
tals should be compared with the acoustic impedance of the materials 
to be inspected as well as with that of materials suitable for matching 
layers and backing (Table  2.3 ).   

 When the load is water (immersion inspection) or plastic (angle 
beam probes), 85 – 90% of ultrasonic energy will be refl ected on the 
interface with the bare crystal due to the differences in their acoustic 
impedances.

 The electromechanical coupling coeffi cient shows the quantity of 
electrical energy coming from the pulser to the crystal that will be 
converted into the mechanical energy of vibration in the crystal thick-
ness mode. The coupling coeffi cient for the radial vibration mode
shows the amount of mechanical vibration that will be converted to this 
mode. It is not just a loss of potentially useful energy, but this can also 
become an additional source of undesirable probe noise. 

Table 2.3 
Average Acoustic Characteristics of Selected Materials 

   Material     Acoustical properties  

   L - wave 
velocity, 
mm/μ s  

   S - wave 
velocity, 
mm/μ s  

   Density, 
g/cm3

   Acoustic 
impedance,

kg/m2  s    ×    10 6

  Aluminum    6.42    3.04    2.70    17.5  

  Aluminum oxide    9 – 11    5.5 – 6.5    3.6 – 3.9    32 – 43  

  Epoxy resin    2.6 – 2.7    1.1 – 1.2    1.21 – 1.25    2.7 – 3.5  

  Plexiglas    2.7 – 2.74    1.1 – 1.3    1.15    3.1 – 3.3  

  Polystyrene    2.3 – 2.4    1.1    1.05    2.4 – 2.5  

  Steel    5.7 – 5.9    3.1 – 3.3    7.8 – 7.9    44 – 46  

  Tungsten    5.2    2.9    19.4    101  

  Water    1.49           1.0    1.49  

   L - wave, longitudinal wave; S - wave, shear wave.   
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 The parameters of lead metaniobate, such as relatively low acoustic 
impedance and very low coupling coeffi cient for radial vibration mode, 
are suitable for the design of both broadband and effi cient transducers. 

 Piezo - composite crystal materials have approximately half the 
acoustic impedance of lead metaniobate and almost double the coupling 
coeffi cient. Therefore, they are very suitable for transducers intended 
for immersion inspection, and for coupling with wedges in angle beam 
probes. The sensitivity of probes with composite crystals, in many 
cases, is approximately 6 – 8   dB greater compared with a same - size 
crystal of lead metaniobate. When sensitivity is a high priority and the 
test object is thick (150 – 250   mm), probes with PZT crystals are prefer-
able due to their relatively high electromechanical coupling coeffi cient. 
The dielectric constant of piezo - composite and lead metaniobate crys-
tals is less then that of PZT but high enough to withstand a 400 V pulse 
which is typical for most ultrasonic inspection systems. 

 To achieve desirable performance and to optimize transducer 
parameters, certain calculations have to be performed  [19] . To  calculate
a transducer  means to determine the values of all of its components 
that will satisfy the given requirements. The computer program 
based on the KLM (Krimholtz, Leedom, and Mitthaei) theoretical 
model is the one mostly used by leading transducer manufacturers at 
this time  [20] . The theoretical model relates electrical input parameters 
to mechanical ones (and vice versa) and can predict waveform, band-
width, and so on. The problem with modeling is that there are variations 
in the actual transducer ’ s component values that may not appear in the 
model, as well as the manufacturer ’ s ability to reproduce the same 
values when fabricating the actual transducer. 

 As can be noted in Tables  2.2  and  2.3 , the acoustical mismatch 
between crystal materials, test objects, and wedge materials is an 
obvious problem. The challenge to a probe designer is to make a probe 
with as little insertion (mismatch) losses as practically possible. One 
of the ways to achieve this is to include matching layers between each 
component of a probe as shown in Figure  2.15 .   

 The acoustic impedance of a backing material composition can be 
made very close to that of the crystal; therefore, a matching layer 
between the crystal and the backing in most cases is unnecessary. A 
matching layer on the wedge – crystal interface is most frequently used. 
A matching layer between the wedge and the test object is very rare, 
although this interface is a major source of energy loss. If the test object 
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surface is fl at, the energy loss can be minimized by gluing a plate of 
aluminum oxide to the wedge base (assuming that the test object is 
steel). This can result in, approximately, a 6 -  to 8 - dB increase in the 
sensitivity, as well as an extension of the wedge service life due to the 
added wear protection.  

2.2.3. Velocity Measurement in Metals 

Bulk Velocity Measurement in Thick Metal 

 ASTM Standard Practice E 494 - 05 describes the method of compara-
tive ultrasonic velocity measurement using a reference material (veloc-
ity standard) whose ultrasonic velocity is known. This method can be 
used mostly for metals with thicknesses greater than 5   mm. The veloc-
ity of the standard is determined using techniques of higher accuracy. 
The procedure calls for the measuring of bulk, longitudinal, or shear 
velocities by comparing the TOF in the velocity standard with the TOF 
in a sample of an unknown material of the same thickness. 

 The signal pattern should contain several back refl ections that are 
clearly separated. It is recommended to adjust the last signal amplitude 
to approximately the same level as the fi rst back signal amplitude. After 
measurements on both samples, the velocity of the unknown sample 
can be calculated. 

 For practical purposes, ultrasonic velocity measurement can be 
performed by using only one sample with an unknown velocity. Using 
the same signal pattern, the TOF should be measured, but it is not 

Figure 2.15     An angle beam probe with all possible matching layers. (1) A wedge, (2) a 
matching layer wedge – test object, (3) a matching layer wedge – crystal, (4) a crystal, (5) a 
matching layer crystal – backing, (6) a backing.  

654321
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necessary to adjust the last signal amplitude to the same level as the 
fi rst back signal amplitude if a modern ultrasonic system is being used. 
These systems automatically locate the highest signal amplitude and 
display the TOF. The last chosen signal amplitude should be set up by 
the operator. The number of back refl ections (signals) should be as 
many as possible. The system calculates the difference in TOF between 
fi rst and last chosen signals (Delta TOF). 

 To calculate ultrasonic velocity  V , the cumulated distance should 
be divided by the measured TOF:

    V
N T= −( ) ×1 2

Στ
    (2.21)  

  where    N           =    number of back refl ections;  

   T           =    thickness of the sample; and  

   Στ          =    total measured TOF.    

 For example, by using an L - wave transducer on a steel sample with a 
thickness of T     =    12.7   mm and a signal pattern that includes 11 refl ec-
tions, total transition TOF is 43.8    μ s and longitudinal velocity is (see 
Figure  2.16 )

    V s= −( ) × =11 1 25 4

43 8
5 799

.

.
. / . mm μ

Bulk Velocity Measurement Using a 
Thin Metal Strip 

 The bulk velocities, longitudinal or shear, can be different in a thin or 
a thick plate of the same material due to the plate manufacturing tech-
nology. The velocities of materials, listed in published tables, are rela-
tive, as a rule, to the thick plates. To calculate, for example, the Lamb 
wave’ s dispersion curves, it is a good practice to use the bulk velocity 
values measured in the thin strip, which represents the material and 
thickness of the real object to be inspected. 

 This technique is based on the fact that the Lamb wave modes 
become standing waves at a normal angle of incidence. The measured 
resonant frequency can then be correlated to the L - wave or S - wave 
velocities. The diagram of the setup for the bulk velocity measurement 
in a thin strip is shown in Figure  2.17 .   
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 The strip 1 should be freely placed on two sharp prisms 4 in an 
immersion tank 5 with water level 3. Transducer 2, with a nominal 
center frequency to generate selected modes, is positioned normal to 
the strip and connected to a sweep frequency generator. The driving 
frequency is varied in the range of ± 2   MHz from the transducer center 
frequency. 

Figure 2.17     Setup for velocities measurement in a thin strip. (1) A metal strip, (2) a 
transducer, (3) water level, (4) supports, (5) immersion tank.  
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1

Figure 2.16     The signal pattern including 11 refl ections. Delta TOF    =    43.800    μ s. TOF, 
time of fl ight.  
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 At a certain frequency, a phase cancellation phenomenon can be 
observed on the screen of the transducer evaluation station or the other 
ultrasonic instrument. The result resembles a divided frequency spec-
trum (see Figure  2.18 ).   

 The frequency related to the minimum amplitude of the separated 
line is the resonant frequency fR . This frequency, along with the known 
thickness of the strip, is used to determine the corresponding L - wave 
or S - wave velocities according to the formulas listed in Table  2.4 . It is 
also necessary to know the mode generated in the test strip.   

 As an example, let us determine the bulk velocity of a steel strip 
d     =    0.51   mm thick. The resonant frequency is 5.69   MHz. (Figure  2.18 ). 
Transducer nominal frequency is 5.0   MHz. At this frequency and wall 
thickness, the S 1  mode should be generated. Thus, bulk L - wave velocity 
can be calculated as

    V d f sl R= × = × × =2 2 0 51 5 69 5 804. . . / . mm μ

Figure 2.18     The screen capture related to a bulk velocity measurement in a thin metal 
strip.

fR

.00 2.50 5.00 7.50 10.00

Table 2.4 
Formulas to Calculate Longitudinal or Shear Wave Velocities 
for Selected Modes 

  Mode    S 1     A 1     S 2     A 2

  Formula  Vl     =    2 d     ×     fR      VS     =    2 d     ×     fR      Vl     =     d     ×     fR      VS     =     d     ×     fR
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2.2.4. Velocity and Attenuation Measurement 
in Wedge Materials 

Velocity Measurement in Wedge Materials 

 The recommended ASTM Standard Practice E 494 - 2005 comparative 
method is not suitable for velocity measurements in wedge materials 
such as Plexiglas or polystyrene. 

 Two other methods for measuring ultrasonic velocity in wedge 
materials provide better results. 

Contact Method.   A single straight beam transducer with a match-
ing layer for the wedge material is usually used for these measurements. 
The thickness of the matching layer effectively  increases  the thickness 
of the sample, so the value of the measured velocity in the wedge mate-
rial would not be accurate. If the material of the matching layer has 
approximately the same velocity as the wedge material itself, but with 
a different thickness, depending on the transducer frequency, the mea-
sured velocity in the wedge material will apparently vary with the 
transducer frequency. Examples of matching layer thickness, as func-
tion of frequency, infl uence on velocity measurements in Plexiglas 
sample is shown in Table  2.5 .   

 The data in this table demonstrate that the matching layer thickness 
infl uences the velocity measurement results, and the variation of these 
values also depends on the transducer frequency. To eliminate the infl u-
ence of the matching layer, the measurements should be performed on 
two samples of the same material, but with different thicknesses (or a 
step sample), as shown in the sketch (Figure  2.19 ).   

Table 2.5 
Infl uence of Matching Layer Thickness, as a Function of Frequency, 
on Velocity Measurements 

   Transducer 
frequency, 
MHz

   Velocity value, mm/ μ s  

   Minimum     Maximum     Average     Difference max. – min., %  

  1.0    2.52    2.72    2.65    7.35  

  2.25    2.60    2.745    2.715    6.46  

  5.0    2.705    2.746    2.732    1.49  
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 Two measurements should be performed: one on the thinner sample 
T1  and another on the thicker sample  T2 . The difference in thickness 
ΔT     =     T2     −     T1  has to be divided by the difference in transit time 
Δτ     =     τ2     −     τ1  to obtain velocity. So, the velocity is

    V TW = 2Δ Δ/ τ     (2.22)  

  where  VW  is the velocity in the wedge material. 
 The measurements should be made with as high a frequency as 

possible to reduce the differences in the data (see Table  2.5 ).  
Immersion Method.   This method provides a more accurate 

measurement but requires special fi xturing, such as a small immersion 
tank with two transducers, transmitter T  and receiver  R , mounted in 
line on two opposite sides of the tank. To measure the velocity, the 
sample is placed in the tank, approximately in the middle of the two 
transducers. The rationale of the measurement and the velocity calcula-
tion is as follows. The main idea is to replace the known transit time 
on distance T  with the unknown one and to calculate the difference 
(Figure  2.20 ).   

 The distance  LW  between the transmitter and the receiver is known 
and is constant. The transit time  τw  for this distance, along with the 
velocity in water VW  under a fi xed temperature, is known and is constant 
as well. 

 Let us assume that the transit time in water without the sample in 
the tank is τw     =     A   μ s. To measure velocity in a wedge material sample, 
it should be placed somewhere in the middle of the transmitter and 

Figure 2.19     Setup for a wedge material velocity measurement by a contact method.  
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the receiver, perpendicular to the sound path (line connecting two 
transducers). The new transit time that was measured with the sample 
in the tank is B μ s. 

 Time  B  is less then time  A  due to the higher velocity in the wedge 
material sample. 

 Therefore, the transit time in the water and in the sample is

    B A T Vw= − +/ tτ     (2.23)  

  where  τt  is the transit time in the wedge material sample

    τt B /= − +A T Vw     (2.24)  

  and the velocity in the sample is

    V Tt = / tτ .     (2.25)   

 Another way of calculating the velocity after B was measured is

    A B− = Δτ     (2.26)  

    Δτ = −T V T Vw t/ / .     (2.27)   

 Consequently, the velocity in the wedge material sample is

    V
T

T

V

t

w

=
− Δτ

.     (2.28)   

Figure 2.20     Setup for a wedge material velocity measurement by an immersion 
method.

R
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 For example, velocity measurement in a sample of Plexiglass 25   mm 
thick in an immersion tank with distance LW     =    100   mm:

    A
Lw

V
s

W

= = =100

1 49
67 114

.
. . μ

 Measured transit time  B     =    59.477    μ s. 
 Thus,

    τ μt
W

B A
T

V
= − + = − + =59 477 67 114

25

1 49
9 141. .

.
.  s

    V
T

t
t

= = =
τ

μ25

9 141
2 735

.
. / . mm s

 In both cases of velocity measurement, the following tips are useful in 
enhancing its accuracy:

1.     The test sample surfaces have to be machined as smooth as 
practically possible.  

2.     The TOF measurements have to be performed in the same way 
as shown in Section  2.2.3 .  

3.     It is important to measure the TOF difference between the 
fi rst and second multiples but not between the initial and fi rst 
signals.      

Attenuation Measurement in Wedge Materials 

 The discussions of attenuation usually begin with an introduction of 
the equation

    P P e t= −
0

δ     (2.29)  

  where    P           =    sound pressure at the end of distance  t ;  

   P0          =    sound pressure at the beginning of distance  t ;  

   e           =    Neper number; and  

   δ           =    coeffi cient of attenuation.    
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 This equation demonstrates that the sound pressure decreases exponen-
tially with the distance. Since the sound pressure is proportional to the 
signal amplitude A , this equation can be rewritten as

    A A e t= 0
δ     (2.30)  

  where    A0          =    signal amplitude (%) at the beginning of distance  t  and  
   A           =    signal amplitude (%) at the end of distance  t .    

 To single out a coeffi cient of attenuation  δ , certain calculations are 
necessary:

    e
A

A
t− =δ

0

    
1

0e

A

Atδ =

    e
A

A
tδ = 0 .

 It is easier to use the natural logarithm for this equation due to fact that 
ln e     =    1. Then:

    

δ

δ

δ

t e
A

A

t
A

A
A

A
t

ln ln

ln

ln
, .

=

=

=

0

0

0

Np/mm

    (2.31)   

 This equation was in use at a time when signal amplitude could be 
measured only in %, and the instrument attenuator was not calibrated 
in decibels. It is also not common to express the coeffi cient of attenu-
ation in Np/mm. The decibel is a more appropriate unit to use. For this 
purpose, the last equation should be rewritten by using Briggs ’ s 
logarithm:

    δ =
20 0lg

, .

A

A
t

dB/mm     (2.32)   
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 When it is necessary to convert the results calculated by using the 
natural logarithm into decibels, this can be accomplished by using the 
formula

    δ =
ln

. , .

A

A
t

0

8 686 dB/mm     (2.33)   

 The number 8.686 is derived as follows:

    
lg

ln

ln

A

A

A

A0

0

10
=

    
1

10
0 434

ln
.=

    lg . ln
A

A

A

A
0 00 434=

    20 20 0 434 8 6860 0 0l g . ln . ln . A

A

A

A

A

A
= × =

 In modern ultrasonic instruments, the gain controls are calibrated in 
decibels, and therefore, it is much easier to calculate the coeffi cient of 
attenuation as

    δ =
−( )A A

t
dB0 , dB/mm     (2.34)  

  where the difference ( A0     −     A ) are measured in decibels. 
 The arithmetical exercise shown above helps to understand the 

nature of the coeffi cient of attenuation and can be used to recalculate 
the values from Np/mm to dB/mm when its value is taken from a table. 

 Thus, there are a total of four equations used to calculate the coef-
fi cient of attenuation:

    δ =
ln

,

A

A
t

0

Np/mm

    δ =
20 0 lg

dB/mm

A

A
t

,

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



48 CHAPTER 2 Introduction to Search Unit Design

    δ =
ln

. ,

A

A
t

0

8 686 dB/mm

    δ =
−( )A A

t
dB0 , .dB/mm

 Of course, all four equations will produce identical results. As an 
example, let us calculate the coeffi cient of attenuation for a sample of 
polystyrene with a wall thickness t     =    32   mm, using all these equations. 
The measured signal amplitudes are A0     =    80% and  A     =    17%, and the 
difference in decibels between these two signals is 13.5   dB:

    δ =
−( )

=
×

=
A A

t
dB0 13 5

2 32
0 2109

.
. , .dB/mm

 Note that measurements of signal amplitude, in % or decibels, show 
the value of the apparent attenuation only. Actual attenuation measure-
ments are diffi cult to perform because the value of the measured coef-
fi cient of attenuation generally includes also loss of the energy due to 
the beam divergence, losses at the transducer – test sample interface, 
losses caused by the test sample roughness, and others. 

 ASTM Standard Practice E 664/E664M - 10 describes the procedure 
for the measurement of the apparent attenuation of longitudinal ultra-
sonic waves by immersion method. This practice describes a method of 
obtaining apparent attenuation values based on measuring the decay of 
multiple back refl ection signals of ultrasonic energy introduced into a 
sample having fl at, parallel surfaces by the immersion technique only. 
The procedure is suitable for materials with a relatively low attenuation. 

 In the case of measuring the coeffi cient of attenuation in wedge 
materials that have a relatively high attenuation, multiple back refl ec-
tions are diffi cult to achieve. Therefore, it is more suitable to use a 
different procedure for measuring the coeffi cient of attenuation, the 
rational for which is described below. 

 In plastics like Plexiglas, Lucite, and polystyrene, as well as in 
other plastic materials, the coeffi cient of attenuation depends on the 
wave mode as well as on the frequency. Several publications offer 
contradictory statements about the infl uence of frequency on attenua-
tion in plastics. Some sources claim that if attenuation is a matter of 
pure absorption, which is correct for homogeneous plastics, this 
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Figure 2.21     The step sample dimensions.  

6.35
12.70

19.05

31.75 25.40

Table 2.6 
Experimental Data of a Signal Amplitude A% Measured on 
the Plexiglas Step Sample 

   Step 
thickness,
mm

   Transducer nominal frequency, MHz at gain, dB (MHz/dB)  

  1.0/16    2.25/20    5.0/20    10.0/28    15/38  

    Signal amplitude,  A %  

  6.35    120    120    104    106    100  

  12.70    94    77    56    30    28  

  19.05    70    48    28    8    7  

  25.40    48    28    13    2     —

  31.75    31    16    5.5     —      —

infl uence is proportional to the  square  of the frequency. Other sources 
claim that attenuation occurs proportionally to the frequency. It can be 
demonstrated that these assumptions are not completely correct. 

 Let us look at the results of coeffi cient of attenuation calculation 
using, for example, suggested procedure. The fi rst stepped is to measure 
signal amplitudes in Plexiglas and polystyrene stepped samples (Figure 
 2.21 ) at selected frequencies, for example, 1.0, 2.25, 5.0, 10.0, and 
15   MHz. These data are shown in Table  2.6  for the Plexiglas stepped 
sample and are obtained using straight beam L - wave transducers. The 
measurement procedure is as follows: The transducer is placed on the 
thinner step, with the gain adjusted to obtain the signal amplitude of 
approximately 100%.     
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 This procedure is repeated on each subsequent step. Then, for each 
pair of values (for example, 12.70 – 6.35 and 19.05 – 12.70.), the coef-
fi cients of relative attenuation in dB/mm should be calculated. As an 
example, the results of the calculations are summarized in Table  2.7 .   

 Figures  2.22  and  2.23  were plotted using the coeffi cients of relative 
attenuation obtained on Plexiglas and polystyrene step samples: nominal 

Figure 2.22     The nominal transducer frequency versus the coeffi cient of attenuation 
(Plexiglas step sample).  
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Table 2.7 
Calculated Coeffi cients of Relative Attenuation in dB/mm for 
the Plexiglas Step Sample 

  Step thickness     Transducer nominal frequency, MHz at gain, dB (MHz/dB)  

   range, mm    1.0/16    2.25/20    5.0/20    10.0/28    15/38  

    Coeffi cient of attenuation,  δ  dB/mm  

  12.70 – 6.35    0.167    0.303    0.423    0.863    0.871  

  19.05 – 12.70    0.201    0.323    0.474    0.904    0.948  

  25.40 – 19.05    0.258    0.368    0.525    0.948     —

  31.75 – 25.40    0.299    0.378    0.588     —      —
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Figure 2.23     The nominal transducer frequency versus the coeffi cient of attenuation 
(Polystyrene step sample).  

0

0.1

0.2

0.3

0.4

0.5

0 4 8 12 16

T=25.4 mm
T=19.0 mm
T=12.7 mm
T=6.35 mm

Nominal transducer frequency, MHz

C
o

e
ff

ic
ie

n
t 

o
f 

a
tt

e
n

u
a

ti
o

n
Polystyrene step sample

transducer frequency versus coeffi cients of relative attenuation for the 
thickness of each step in the samples. Analysis of the data, presented 
in these tables and fi gures, offers several useful suggestions.   

 First of all, it is interesting to note that for both plastics — Plexiglas 
and polystyrene — coeffi cients of relative attenuation for any step thick-
ness in the samples leveled out at approximately 10   MHz. These plas-
tics and many other materials are functioning as high - frequency fi lters. 
Therefore, the use of polystyrene, and especially Plexiglas, for wedges 
intended for a 15 - MHz transducer is not recommended. 

 Plexiglas can be used as a material for wedges where the sound 
path is not more than 25   mm and for transducer frequencies up to 
5.0   MHz. In any case, the sound path in the wedge material should be 
as short as possible. There is no sense in using polystyrene as a wedge 
material for low - frequency transducers like 1.0 and 2.25   MHz: The 
attenuation is too low, and therefore, it is diffi cult to eliminate wedge 
noise, not to mention the very low wear resistance of the polystyrene. 

 Attenuation of L - waves in plastics is less than it is for S - waves but 
not proportional to the wavelength. Thus, to recalculate the coeffi cient 
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of attenuation when using L - waves to the coeffi cient of attenuation for 
S - waves, using the ratio of the wavelengths is inappropriate. Experiments 
show, for example, that on a 25 - mm thick sample, the ratio of attenu-
ation for L - waves and S - waves is approximately 1:1.5 for both Plexiglas 
and polystyrene.   

2.2.5. Crystal Size Selection 

 The basic parameters to consider are crystal size and shape, not to 
mention the crystal thickness, of course. For conventional ultrasonic 
inspection, three shapes are typically used: round (disk), square, and 
rectangular. 

 It is well known that for a given resonant frequency, the divergent 
characteristics of an acoustic fi eld depend on the crystal size and shape. 
Theoretically, the divergent characteristic of a square crystal in the near 
fi eld is slightly different from that of a disk. For a square crystal, the 
maximum and minimum amplitude fl uctuations are less, and the side 
lobes are smaller than those of a round crystal. Practically, the differ-
ences are almost unnoticeable. In the case of rectangular crystals, these 
differences are more prominent. Furthermore, the length of the near fi eld 
increases if the ratio of the crystal length to its width is more than 2:1. 
Beam spread in the plane of incidence and in the perpendicular plane is 
not equal. For elongated (rectangular) transducers ( paint brush probes ), 
the sensitivity along the long side is uneven. To equalize the sensitivity, 
special techniques, such as crystal shaping, have to be applied. 

 There is no practical solution for calculating the crystal size. Many 
variables are involved in the decision - making process relating to trans-
ducer parameters other than crystal size: for example, the sensitivity of 
the instrumentation, test object material attenuation, and refl ectivity of 
defect models. Theoretically, there are ways to calculate the expected 
signal amplitude from models of the refl ectors. Equations based on 
these parameters correlate signal amplitude with the refl ector ’ s size and 
shape, transducer to refl ector distance, transducer frequency, and crystal 
size or area  [47] ; however, the practical applicability of such equations 
is very limited. Empirical and experimental data are needed to achieve 
meaningful results. To derive crystal size from these equations is 
impractical. The best guidance is practice. Some practical consider-
ations for crystal size selection are given in the ASTM Standard 
Practices for Ultrasonic Examination:
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1.     ASTM E 114 - 10 Standard Practice states that  typical search unit 
sizes usually range from 1/8     in (3.2     mm) in diameter to 1 1/8     in
(28.6     mm) in diameter .  

2.     ASTM E 164 - 2008 Standard Practice recommends:    . . .     
Transducer sizes recommended for weld examination range 
from a minimum of 1/4     in. (6.4     mm) diameter or 1/4     in square 
to 1 in (25.4     mm) square or 1.1/8     in (28.6     mm) diameter .    

 These recommendations refl ect the practical tendency of applicability 
of crystal sizes in the NDT industry but do not correlate crystal sizes 
with crystal frequency. To connect these two parameters, another 
parameter can be used, that is, the product of the crystal diameter and 
frequency d     ×     f   [22] . In the case of a steel test object, it is recommended 
that the crystal size is selected so that this parameter should be in the 
range of d     ×     f     ≈    12.5 – 125   mm.MHz. For more information, see 
Reference  23 . 

 For selected crystal diameters and frequencies, these parameters 
are plotted in Figure  2.24 , based on the data shown in Table  2.8 .     

Figure 2.24     Transducer frequency versus parameter  d     ×     f  for a steel test object.  
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Table 2.8 
Parameter d × f for Selected Crystal Diameters 

   Crystal 
diameter, mm  

   Frequency, MHz  

   1.0     2.25     5.0     10.0  

  6.35    (6.35)    14.29    31.75    63.5  

  12.7    12.7    28.57    63.5    127  

  19.0    19.0    42.75    95.0    (190)  

  25.4    25.4    57.15    127    (254)  

 The data in parentheses show the  d     ×     f  parameter values, which are 
not recommended for use. The rationale behind this recommendation 
is as follows:

1.     It is not practical to make a transducer that is 6.35   mm in diam-
eter with a frequency of 1.0   MHz due to the radial vibration 
mode increase with the crystal thickness, and therefore, energy 
losses of the thickness mode. Note that the radial vibration is 
very diffi cult to suppress.  

2.     It is also not practical to make a transducer that is 25.4   mm in 
diameter with a frequency of 10.0   MHz because of brittleness 
due to the relatively thin crystal and because of energy losses 
due to the possibility of fl exural mode vibrations.    

 For several specifi c applications, the recommendations are 

1.     Probes intended for  time of fl ight diffraction  ( TOFD ) forward 
scattering techniques should have the smallest possible crystal 
size in the plane of incidence in order to increase the angle of 
beam divergence to cover larger portions of the test object thick-
ness. The limitation here is sensitivity.  

2.     Crystal size in the plane of incidence for angle beam probes 
should be equal to or less than the thickness of the relatively 
thin wall test object.  

3.     Crystal size in the plane of incidence for probes intended to 
generate Lamb waves should be approximately three to fi ve 
times larger than the thickness of the test object.    
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 In case of crystal size selection for a relatively thin wall test object 
inspection, irrelevant signals and wedge noise can occur as a result of 
multiple signals from the same refl ector. 

 Specifi cation for technique development commonly includes a 
request to make an angle beam probe with a crystal size as large as 
possible in order to reduce the time needed for scanning. However, 
when the crystal size of the angle beam probe in the plane of incidence 
exceeds the test object wall thickness, confusing signals from a crack 
can appear. For example, the inspection of a 6.35 - mm thick plate, using 
an angle beam probe with a crystal diameter  d     =    12.7   mm, produces 
three signals from a 3.0 - mm deep notch, located on the opposite surface 
(Figure  2.25 A). The refl ections from the same - size notch, located on 
the scanning surface, are shown in Figure  2.25 B. It would appear that 
the refl ections are from three or two refl ectors. The results can be inter-
preted as shown in Figure  2.26 .   

 Usually, it is only one refl ector that produces multiple signals due 
to multiple refl ections. To avoid the phenomenon of multiple refl ections 
from one refl ector in this case, the crystal size in the plane of incidence 
should not exceed the wall thickness of a test object. The inspection of 
a 6.35 - mm thick plate by using the angle beam probe with crystal 

Figure 2.25     Signals from 3.0   mm deep notch in a 6.35   mm thick plate. The crystal 
diameter d    =    12.7   mm. (A) Signals on opposite surface; (B) signals on the scanning 
surface.

(A) (B)
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Figure 2.26     Possible interpretation of the signals shown in Figure  2.25 A, B. Notches 
located (A) on opposite surface; (B) on scanning surface.    
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diameter d     =    6.35   mm produces only one signal from the 3.0 - mm deep 
notch, located on the opposite surface (Figure  2.27 A) as well as on the 
scanning surface, as shown in Figure  2.27 B.   

 Possible interpretation of signals and the ray tracing are shown in 
Figure  2.28  .      

Figure 2.27     Signals from a 3.0 - mm deep notch in a 6.35 - mm thick plate. The crystal 
diameter d     =    6.35   mm. Notches located (A) on sopposite surface; (B) on scanning 
surface.
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Figure 2.28     Example of a ray tracing in case when the crystal size is not exceeding the 
wall thickness.  
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2.3. CALCULATION OF STRAIGHT BEAM 
TRANSDUCER DIRECTIONAL CHARACTERISTIC 

2.3.1. Acoustic Field of a Straight Beam Transducer 

 In most of the literature dedicated to ultrasonic testing, one can fi nd 
two common diagrams that illustrate the sound fi eld of a circular piston 
oscillator  [7] . These two diagrams that resemble this phenomenon are 
shown in Figure  2.29 , with the exception of the dashed line shown in 
Figure  2.29 A.   

 The above diagrams illustrate that there is a difference between 
when the sound fi eld shape is close to the transducer crystal C and when 
it is far from it. Immediately in front of the transducer the fi eld has a 

Figure 2.29     Acoustic intensity on the center axis of circular oscillator (A) and a sound 
fi eld shape of the circular oscillator (B).  
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cylindrical shape, but just barely beyond it, the picture is different: 
Maximum and minimum amplitudes of sound intensity appear (Figure 
 2.29 A). The last minimum amplitude is located approximately at the 
distance N /2 — half of the near - fi eld length  N . The last maximum is 
located at the distance N , which represents the border between the near 
and the far fi elds. If the crystal diameter is much greater than the wave-
length, the near - fi eld length can be approximately calculated as

    N
S=

πλ
    (2.35)  

  where  S  is the crystal area and  λ  is the wavelength in a given medium. 
 In the far fi eld, the ultrasonic energy propagates in the form of a 

cone with the angle of divergence  ϕ . 
 It is important to note that this description of the sound fi eld is 

correct only for continuous excitation and that these diagrams are based 
on and calculated in accordance with theoretical data. The main dis-
crepancy between the theory and reality applies to the description of 
the near fi eld. The fl uctuation of intensity (signal amplitude) in the near 
fi eld depends on the pulse length and the pulse repetition rate: The 
shorter the pulse and the higher the pulse rate, the less the fl uctuations 
in intensity. In practice, the amplitude fl uctuation from zero to maximum 
is not observed. The dashed line shown in Figure  2.29 A represents 
experimentally observed fl uctuations. 

 Nevertheless, many references do not recommend inspecting test 
objects in the near fi eld. The reason for this is that a defect can be 
missed due to fl uctuations of signal amplitude from zero to maximum. 
In many cases, the requirement to inspect the test object, especially thin 
objects, only in the far fi eld leads to more complicated and larger scan-
ning systems. 

 At the same time, there is the other possibility to misinterpret the 
inspection results in the near fi eld, which is clear from analyzing the 
image of the sound fi eld. 

 To visualize the sound fi eld structure of an ultrasonic transducer 
in water, the fi eld can be scanned using a small ball or a thin wire 
refl ector as a target. The C - scan of the sound fi eld structure of a 19   mm 
diameter 2.25   MHz transducer is shown in Figure  2.30 . The sound 
intensity at the section N /2 ( ≈ 60   mm) is shown schematically in 
Figure  2.31 .   
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Figure 2.30     The fi eld structure of the 19   mm diameter 2.25   MHz transducer.  
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 The C - scan in Figure  2.30  shows that the near - fi eld distance is 
approximately N     =    120   mm. At the distance  N /2, half of the near fi eld 
at the beam axis, there is a zone of low amplitude, approximately 45%. 
On both sides of this there are zones of higher amplitudes 100 – 110% 
(see Figure  2.31 ). 

 If a small refl ector is detected in the low - intensity zone, an error 
could occur. Let us assume that a small refl ector is detected in the low -
 amplitude zone at the beam central axis. The transducer is then indexed 
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60 CHAPTER 2 Introduction to Search Unit Design

left and right (shown as up and down in Figure  2.30 ), and the same 
refl ector produces a signal with an amplitude of 100 – 110%. If a defect 
evaluation is based on signal amplitude, two rejectable indications 
would be apparent.  

2.3.2. Angle of Divergence Calculation 

 The beam parameters in the far fi eld can be calculated using well -
 known equations. 

 For practical purposes, to calculate probe beam spread that is rep-
resented by a half angle of divergence, the following formula can be 
used:

    ϕ λ= arcsin K
d

    (2.36)  

  or

    ϕ =
×

arcsin K
V

d f
    (2.37)  

  where    λ           =    wavelength, mm;  

   f           =    frequency, MHz;  

   d           =    crystal diameter, mm;  

   V           =    sound velocity, mm/ μ s; and  

   K          =    coeffi cient related to dB level for a free or refl ected fi elds.    

 Let us calculate angles of divergence for a straight beam transducer in 
water and steel for a free fi eld. The transducer parameters are

   diameter  d           =    25.4   mm;  

  frequency  f          =    2.25   MHz;  

  velocity in water  VW          =    1.49   mm/ μ s;  

  velocity of L - wave in steel  VSL           =    5.85   mm/ μ s; and  

  velocity of S - wave in steel  VSS           =    3.23   mm/ μ s.    

 Coeffi cient  K  can be found in tables for the most common cases of  − 3, 
− 6, and  − 12   dB levels. For the free fi eld on the level of  − 6   dB coeffi -
cient K     =    0.7:
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 Beam spread plots of calculated half angles of divergence are shown 
in Figure  2.32 , I. The plot of the beam spread gives very limited 
description of a real acoustic fi eld created by a search unit. It shows 
only the direction of the central ray at the angle of divergence.    

Figure 2.32     The beam spread plots at  − 6   dB level (I) and the main lobe shapes (II). 
(A) L - wave in water, (B) S - wave in steel, (C) is L - wave in steel. S - wave, shear wave; 
L - wave, longitudinal wave.  
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2.3.3. Main Lobe Profi le Calculation of a Round 
Crystal in Far Field 

 A more realistic picture of an acoustic fi eld is given by a plot of a search 
unit’ s directional characteristic, or at least a plot of its main lobe. In 
many cases of probe design, the plot of the main lobe gives additional 
information for the comparison of probes of different frequencies, wave 
modes, crystal shape, and size. 

 For a directional characteristic calculation of a round crystal in the 
far fi eld, the following equation is used:

    Φ ϕ( ) = ( )2 1J x

x
    (2.38)  

  where

    x
d= π

λ
ϕsin

    λ = V

f
.

J1   ( x )  is the Bessel function of the fi rst kind of zero order taken 
from mathematical tables, for example, CRC Standard Mathematical 
Tables. 

 As an example, the calculation of the main lobe in steel for S - wave 
straight beam transducer diameter of 25.4   mm and a frequency of 
2.25   MHz are shown below. For the sake of convenience and represen-
tation, the sequence of the calculation is presented in the form of a table 
(Table  2.9 ).   

 The calculation of the main lobe is chosen only because it contains 
approximately 85% of a crystal ’ s energy. But if it is necessary to cal-
culate side lobes, this can be done by using the same equation. 

 For a comparison of the lobe ’ s shapes for S - wave in steel, the 
calculations were performed for L - wave in steel and in water. 

 Based on these calculations, three plots are presented in polar 
coordinates in Figure  2.32 , II. Since each plot is symmetrical, only the 
right side (one - half) of the directional characteristics is shown for each 
plot. To make the plot more readable, the scale for angle of divergence 
is shown as 5 to 1. 
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2.3. Calculation of Straight Beam Transducer Directional Characteristic 63

 The plot for S - wave in steel is presented also in Cartesian coordi-
nates (Figure  2.33 A). This provides an easier way to calculate the 
coeffi cient  K  for any dB level.    

2.3.4. Coeffi cient  K Calculation at Any 
Decibel Level 

 Let us calculate coeffi cient  K  for 0   dB and for  − 6   dB levels for a free 
fi eld. 

 The fi rst zero on the plot, which represents the boundary of the 
main lobe, has a value of x0     =    3.83. Therefore,

    ϕ λ
π

λ
0

3 83
1 219= =arcsin

.
. .

d d

Table 2.9 
Transducer Ø = 25.4 mm, f = 2.25 MHz, S -wave in Steel 
λS = 1.435 mm, πd/λS = 55.579

φ      sin  φ x    J 1 (x)      Φ(φ )

  0.25    0.00436    0.2424    0.0995    0.995  

  0.75    0.01309    0.7725    0.3572    0.9248  

  1.00    0.01745    1.0299    0.5491    1.00  

  1.25    0.02181    1.2122    0.5008    0.8263  

  1.5    0.02618    1.4551    0.510    0.7010  

  1.75    0.03054    1.6974    0.5778    0.6808  

  2.00    0.0349    1.9397    0.5799    0.5979  

  2.20    0.03838    2.1331    0.5390    0.5053  

  2.25    0.03929    2.1837    0.4587    0.4201  

  2.50    0.04362    2.4244    0.4158    0.3430  

  2.75    0.0480    2.6678    0.4507    0.3378  

  3.00    0.05233    2.9084    0.3719    0.2557  

  3.50    0.06105    3.3931    0.2876    0.1695  

  3.83    0.03838    3.7121    0.005    0.0026  

  4.00    0.06976    3.8772     − 0.0193     − 0.0099  
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64 CHAPTER 2 Introduction to Search Unit Design

 For  − 6   dB level or 50% of the maximum, the value for  x0     =    2.20 and

    ϕ λ
π

λ
50

2 20
0 70= =arcsin

.
. .

d d

 On the right side of Figure  2.33 B (plot in polar coordinates), the line 
O– O 2  represents the boundary of the main lobe (maximum angle of 
divergence), and the line O – O 1  represents the boundary at the  − 6   dB 
level. Coeffi cient  K  can be calculated the same way for any level of 
decibel. In actuality, the real shape of a straight beam transducer ’ s 
directional characteristic, and, especially, angle beam probe, is more 
complicated.     

Figure 2.33     Example of coeffi cient  K  calculation. (A) Cartesian and (B) polar 
coordinates.
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  CHAPTER 3

Single Angle Beam 

Probe Design     

    3.1. BASICS OF PROBE DESIGN 

 The wedge angle for a single crystal angle beam probe can be calcu-
lated as a fi rst approximation, by using Snell ’ s law, if the desired 
refracted angle is known. However, Snell ’ s law is correct only for 
planar waves and for the frequency of light. 

 It is worth mentioning the purpose of the calculation. A wedge 
angle is calculated, assuming that the maximum signal amplitude from 
a refl ector will be located at a predetermined refracted angle, that is, it 
will be measured at the central ray of the main lobe. However, empiri-
cally obtained results often differ from those obtained from the calcula-
tions using Snell ’ s law. Generally, the actual refracted  shear wave  
( S - wave ) angle  β  is less than  β sn as calculated by Snell ’ s law (Figure 
 3.1 ). This phenomenon was theoretically explained by exact solution 
of the acoustic fi eld of an angle beam probe  [4, 24] . As an example, 
the shape of the calculated main lobe in the plane of incidence, depicted 
in the polar coordinates, is shown in Figure  3.1 .   

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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66 CHAPTER 3 Single Angle Beam Probe Design 

 The parameters of a main lobe, including the refracted angle, are 
known as divergent characteristics. These parameters, as examples for 
S - wave, can be described as

    Φ Φ Φ( ) ( ) ( ) ( )β β β β= 0 1Dls     (3.1)  

  where    Φ ( β )          =    the divergent characteristic of S - wave probe in the plain 
of incidence;  

   Φ  0(β )          =    the main function;  

   Φ1(β )          =    the secondary (correction) function; and  

   Dls(β )          =    the transmission coeffi cient on the wedge – metal 
interface.    

 Expanding this equation will result in complicated formulas, which are 
not suitable for practical, “ everyday ”  applications for wedge design. 
But analysis of the formulas shows that the main lobe directivity dete-
riorates with the increase of the wedge angle and the decrease in the 
frequency and the crystal diameter. It leads to a deviation of the lobe ’ s 
central ray, which confi rms the experimental results. It also shows that 

Figure 3.1     A main lobe ’ s idealistic shape of shear wave in the plane of incidence.  
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3.2. Considerations Related to the Practical Concept of Wedge Design 67

the main lobe is not symmetrical. The angle  φ1  is less than  φ2

(Figure  3.1 ).  

3.2. CONSIDERATIONS RELATED TO THE 
PRACTICAL CONCEPT OF WEDGE DESIGN 

 One of the considerations is connected to the concept of the imaginary 
crystal. This idea was developed to simplify the calculation of the 
divergent characteristics in the test object by substituting a portion of 
the wedge material with a test object material. The diagram presenting 
this concept is shown in Figure  3.2 . The wedge 2 with the crystal 
assembly 1 is located on the test object. The real crystal diameter is  d . 
The crystal assembly is located at distance 1 from the wedge exit point. 
The goal is to calculate the diameter of the imaginary crystal 3 and its 
distance from the exit point  l1 .   

 For the purpose of practical calculation and visual presentation, the 
real shape of the main lobe can be schematically replaced with a cone, 
with angle γ’ s (made up from two angles,  φ1  and  φ2 ) apex located at 
the imaginary crystal ’ s center. The angle of the cone should be 

Figure 3.2     An imaginary crystal position in a wedge.  
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68 CHAPTER 3 Single Angle Beam Probe Design 

calculated for a given decibel level. The angle  β  is equal to the refracted 
angle of the main lobe. 

 The imaginary crystal size  d1  and its new distance from the exit 
point l1  can be calculated as follows:

    d d1 = cos

cos

β
α

    (3.2)  

l l
V

V
W

S
1 = ×

×
cos

cos

β
α

    (3.3)  

  where  VW  is the  longitudinal wave  ( L - wave ) velocity in the wedge 
material and VS  is the S - wave velocity in the test object material. 

 Thus, the portion  l1  of the wedge material was replaced by the test 
object material. 

 The other consideration is connected to the correction of the 
refracted angle. The most frequently used zone of refracted S - wave 
angle is the zone between the fi rst and the second critical angles. 
Refracted angles calculated by Snell ’ s law should be adjusted by cor-
recting the wedge angle α . 

 The corrected angle depends on the frequency and the size of the 
transducer ’ s crystal. The basic factor infl uencing this dependence is the 
coeffi cient of transmission of ultrasonic energy through the interfaces, 
that is, the wedge – couplant – metal. Each of the rays in the divergent 
ultrasonic beam has its own coeffi cient of transmission. For the 
Plexiglas– steel boundary, the coeffi cient of transmission for the 
refracted L - wave and S - wave is a function of the angle of incidence of 
the L - wave, which is shown in Figure  3.3 .   

 Between the fi rst cr 1  and the second cr 2  critical angles, the coeffi -
cient of transmission is maximized at the angles of incidence αmax     ≈    31 –
 32 ° . When the ultrasonic beam propagates through the Plexiglas – steel 
interface, the rays located further from the maximum on either side will 
have a lower coeffi cient of transmission. For probes with wedge angles 
greater than αmax , the experimental refracted angle  β , corresponding to 
the maximum energy or signal amplitude, will be less than  βsn  as cal-
culated in accordance with Snell ’ s law. For a probe having a wedge 
angle less than αmax , the experimental refracted angle will be greater. 
The angle of deviation Δ     =    | β     −     βsn | will increase with the decreasing 
frequency f  and the crystal size  d . Conversely, with the increase of the 
d     ×     f  parameter, that is, the narrowing of the directional characteristic, 
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3.3. Measurement of Refracted Angles 69

this effect will be less. Graphically, for the sake of simplicity, this trend 
is depicted in Figure  3.4 .    

3.3. MEASUREMENT OF REFRACTED ANGLES 

 The  d     ×     f  parameter describes only the deviation tendency of the 
refracted angle. To determine the value of the deviation, it is practical 
to measure these values for several of the most common sizes, angles, 
and frequencies of probes, and then to extrapolate these data to other 
probe parameters. To obtain reliable measurement results, the following 
conditions should be met:

1.     The sound velocity in the wedge material has to be measured 
correctly.  

2.     The exit point of the wedge has to be determined.  

3.     The measurements have to be performed on the same test block.    

 The  sound velocity  in the wedge material is a major factor for the wedge 
angle calculation, and it is very important to measure it correctly, as 
shown in Section  2.2 . 

Figure 3.3     Coeffi cient of transmission for the Plexiglas – steel boundary (for illustration 
only).
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 The  exit point  of any angle beam wedge is not necessarily located 
on the central line of the transducer or crystal assembly (Figure  3.5 ).   

 Deviation of the exit point, or the index, depends on the wedge 
angle, crystal size, and transducer frequency, and generally shifts to the 
lower end of the wedge. This happens mostly due to the wedge material 
attenuation.

 As an example of the deviation of the probe ’ s exit point, the mea-
sured indexes on the probe with a 70 ° S refracted angle are presented in 
Figure  3.6 . The geometrical center point of the transducer on the wedge 

Figure 3.4     Overall trend of an experimental refracted angle deviation from the 
calculated angle by Snell ’ s law (line 1). For lines 2 and 3:  d     ×     f  (2)    >     d     ×     f  (3).  
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Figure 3.5     The exit point deviation  Δ  of an angle beam probe.  
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3.3. Measurement of Refracted Angles 71

and its central ray line should be determined graphically from the 
wedge drawing. The graphically calculated index in this case is 
12.7   mm. Indexes measured for three transducers with frequencies 1.0, 
2.25, and 5.0   MHz are shown in the same fi gure. As expected, the actual 
indexes do not coincide with the predicted (theoretical) index. The 
higher the transducer frequency, the greater the deviation of the exit 
point.   

 Of course, this example (Figure  3.6 ) is one of the worst cases due 
to the steep wedge angle and the long wave path (approximately 
37   mm). This is shown here as a visual illustration. However, this 
phenomenon is relevant to any wedge. 

 The International Institute of Welding ’ s  IIW Reference Block  is 
most usable for transducer exit point and refracted angle measurements. 
The main problem with these blocks, fabricated according to old speci-
fi cation, such as ISO 2400, is the inconsistency in the material charac-
teristics. It has been found that the sound velocity and attenuation in 
the metal used may vary signifi cantly even in blocks fabricated by the 
same manufacturer (see Section 11.2.1). Thus, the measurement should 
be performed using the same block. 

 Results of refracted angle measurements on the same block in 
graphical form are shown in Figure  3.7  along with the calculated line, 
according to Snell ’ s law. This is for a transducer 9.5   mm in diameter 
and for three frequencies: 5.0, 2.25, and 1.0   MHz.   

 One can see that the lower the frequency and the higher the refracted 
angle, the greater the deviation from the nominal (calculated) param-
eters. Graphs like this can be used to calculate corrections for a wedge 
angle.

Figure 3.6     Deviation of the exit points. Exit point positions: (1) Calculated, (2) for 
1.0   MHz transducer, (3) for 2.25   MHz transducer, (4) for 5.0   MHz transducer.  
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 A graph showing the angle of incidence versus the refracted angle, 
calculated according to Snell ’ s law, can also be used for wedge angle 
correction. As an example, calculating the deviation angle for a nominal 
refracted angle of a 70 ° S, 2.25   MHz, 12.7   mm diameter transducer can 
be seen plotted on the graph in Figure  3.8 : The measured refracted 
angle is 66 ° ; the difference between calculated and measured angles is 
− 4 ° . The difference in the incident angle is 2.0 ° .   

      The angles of incidence, based on experimental data and the cal-
culations, are summarized in Table  3.1  for probes with refracted angles 
45° S, 60 ° S, and 70 ° S.   

 The wedge material is Plexiglas with an average velocity  Vav     =
    2.735   mm/ μ s    + / −    0.005   mm/ μ s. The S - wave velocity in the test sample 
is 3.24   mm/ μ s    + / −    0.02   mm/ μ s. 

 All these measurements should be performed using the same IIW 
Reference Block Type 1 or 2 or other test blocks with the refl ector at 
a fi xed depth. For refracted angles from 35 °  to 60 ° , the refl ector, usually 
a  side - drilled hole  ( SDH ), has to be located at a depth of approximately 

Figure 3.7     Measured versus nominal refracted angle for the transducer diameter 
9.5   mm.  
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3.4. Deviation of Refracted Angle 73

Figure 3.8     Example of the graph using angle of incidence correction.  
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50   mm, but for the refracted angle of 70 ° , this depth should not exceed 
20   mm.  

3.4. DEVIATION OF REFRACTED ANGLE RELATED 
TO THICK WALL TEST OBJECT INSPECTION 

 A wedge angle correction is especially important for test objects with 
wall thicknesses greater than approximately 100   mm. As shown earlier, 
the measured deviations of refracted angles are infl uenced by two 
factors: d     ×     f  parameter and deviation of the wedge exit point. 
Practically, it is almost impossible to separate their infl uences. 

 The previous section contains the explanation for the deviation of 
the experimental refracted angle from the calculated angle according 
to Snell ’ s law. This phenomenon is correct for refl ectors located at 
any depth. The reference or test blocks have refl ectors for refracted 
angle measurement located at a specifi ed depth. But if the measurement 
is performed using a refl ector located at a depth other than in the test 
block, a different value of the refracted angle will be obtained. It is 
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3.4. Deviation of Refracted Angle 75

especially true for refl ectors (SDH) located at depths more than 75 –
 100   mm. In this case, the following phenomenon is observed. 

 Let us assume that the maximum signal amplitude from the refl ec-
tor located at a depth h 1  will be achieved at the probe position 1 (Figure 
 3.9 ). It is more likely that the SDH at this depth will refl ect the beam 
central ray at the refracted angle β1 . For the refl ector located at the 
depth h 2     >    h 1 , the maximum signal amplitude will be achieved at the 
probe position 2. It is more likely that this SDH will refl ect the beam 
rays located at the smaller refracted angle β2     <     β1 .   

 The explanation for this phenomenon is as follows. In an ultrasonic 
fi eld, represented by the main lobe (Figure  3.10 ), the intensity of rays 
in the direction and at the distance r 1  is less than in the direction and 
the distance r, which is the central ray of the lobe. But the attenuation 
for the distance r 1  is less than for the distance r. So, the loss in intensity 
is less than the loss in attenuation. If a refl ector is placed at point 1, the 
refl ected energy from it, as well as the signal amplitude, will be larger 
than from the refl ector positioned in point 2.   

 When refl ectors are located at relatively shallow depths, the differ-
ences between attenuation and intensity losses are negligible. But for 
a longer distance, this effect is signifi cant. 

 In nuclear power plants, where test objects have wall thicknesses 
up to 250   mm, the effect of this phenomenon is noticeable. During 
calibration and beam spread measurements, the refracted angle  β3  is 

Figure 3.9     Refracted angles of rays as a function of the refl ector depth.  
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76 CHAPTER 3 Single Angle Beam Probe Design 

less than β2 , and  β2  is less than  β1  (Figure  3.11 ). When the measured 
data are plotted, the line, connecting the three points1 ′ , 2 ′ , and 3 ′ , 
becomes curved instead of straight. This creates an impression of a bent 
central ray of the lobe, which in reality is a quasi - bend.      

Figure 3.11     Refracted angles and quasi - bent central ray 1 ′ , 2 ′ , 3 ′ .  
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Figure 3.10     Possible position of refl ectors in the main lobe.  
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  CHAPTER 4

Dual Straight and Angle 

Beam Probe Design     

    4.1. PRINCIPLES OF DUAL STRAIGHT BEAM 
PROBE DESIGN 

 The main purpose of using a dual straight beam probe is to eliminate 
the dead zone, which is typical for single crystal straight beam trans-
ducers. Dual straight beam probes are mainly used for measuring wall 
thickness (corrosion mapping), for detecting and depth measuring of 
internal fl aws close to the inspection surface. 

 These probes can also be used for concentrating an ultrasonic 
energy practically at any distance beyond the dead zone and even 
further than the near fi eld. 

 The probe contains two identical sections: One is a transmitter  T
and the other is a receiver R  (Figure  4.1 ).   

 The principles of a wedge design for the dual straight beam probes 
are almost the same as for the angle beam probes. The only difference 
is in defi ning the refracted angle. For dual probes, refracted  longitudinal 
wave s ( L - wave s) are used in most cases. The L - wave refracted angle 
should not exceed approximately 12 – 14 °  to avoid generating a strong 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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78 CHAPTER 4 Dual Straight and Angle Beam Probe Design

refracted  shear wave  ( S - wave ). But if generating a strong refracted 
S - wave is not a problem, the L - wave refracted angle can be as high as 
20– 22 ° , that is, less than the fi rst critical angle.  

4.2. SEQUENCE OF WEDGE CALCULATION 

 The two important parameters to consider (see Figure  4.2 A) are the 
depth t  of the central ray ’ s intersection with the central line of the probe, 
which approximately determines the point of maximum signal ampli-
tude, and distance    c , which hereafter will infl uence the crystal size. As 
a rule, the crystal size d  should be not greater then 2 c .   

 The exact acoustic fi eld parameters can be defi ned by calculating 
the directional characteristics for both the transmitter and the receiver. 
For everyday calculations, it is suffi cient to perform geometrical cal-
culations for only one of the sections, either the transmitter or the 
receiver, and substitute the main lobe with the angle of divergence at 
the level of − 6   dB or other specifi ed decibel levels. This geometrical 
calculation is easier to perform by using the concept of an imaginary 
crystal for the transmitter and the receiver. The sequence of calculation 
is as follows: 

 the refracted L - wave angle  βl :

    βl
c

t
= arctan   ;  (4.1)   

Figure 4.1     Conceptual design of a dual straight beam probe. 1, a transmitter wedge; 
2, and 5, crystal assemblies; 3, electric and acoustic insulator; and 4, receiver wedge.  
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4.2. Sequence of Wedge Calculation 79

 the angle of incidence  α :

α β= ⎛
⎝⎜

⎞
⎠⎟arcsin sin l

W

L

V

V
    (4.2)  

  where    VW        is the L - wave velocity in the wedge material, mm/ μ s  

   VL        is the L - wave velocity in the test object material, mm/ μ s;    

 the refracted S - wave angle

    β αs
S

W

V

V
= ⎛

⎝⎜
⎞
⎠⎟arcsin sin     (4.3)   

 where  VS  is the S - wave velocity in the test object material, mm/ μ s; 

 the diameter of the imaginary crystal  d1

    d d l1 = −cos( );β α     (4.4)   

Figure 4.2     A dual straight beam probe wedge: (A) a schema of calculation, (B) 
position of the near fi eld.  
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80 CHAPTER 4 Dual Straight and Angle Beam Probe Design

 the angle of divergence  φ  at a level of  − 6   dB

    ϕ =
×

arcsin ;K
V

f d
L

1

    (4.5)   

 the distance  l1  from the imaginary crystal to the test object surface

    l l
V

V
W

L
l1 = −cos( )β α     (4.6)   

 where  l  is the height of the wedge center line; 

 the crystal position  c1

    c c l1 = + × sin ;α     (4.7)   

 the minimum depth of measurement  h1  at the level of  − 6   dB

    h
c

l
l

1
1

1=
+( )

−
tan

cos ;
β ϕ

β
 

    (4.8)   

 the maximum depth of measurement  h2

    h
c

l
l

2
1

1=
−( )

−
tan

cos ;
β ϕ

β
 

and     (4.9)   

 the range of measurement  h3     =     h2     −     h1 . 
 This calculation gives good results if

    βl < °22 ;

ϕ < °10 ;

c > 3 0. ; mm and

f ≥ 2 25. . MHz

 One of the variations of dual straight beam probes is a probe without 
a wedge angle. This design may be preferable in some  “ unusual ”  cases, 
(for example, for the inspection of a test object with a concave surface). 
The conceptual design of this probe is shown in Figure  4.3 .    
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4.3. Sensitivity Curves 81

4.3. SENSITIVITY CURVES 

 The performance of the dual straight beam probes can be characterized 
by their sensitivity curves. These curves are constructed experimentally 
and plotted as the signal amplitude versus the depth of a refl ector. 
The apogee of the curve corresponds with the point of the acoustic 
fi eld ’ s maximum energy refl ected from a refl ector at a given depth. The 
shorter the distance of the central ray ’ s intersection ( “ focus ” ), the 
“ sharper ”  the sensitivity curve. It is one of the drawbacks of dual 
probes. As an example, the sensitivity curve for the probe with a 
“ focus ”  equal to 10   mm is shown in Figure  4.4 . The dream of a probe 
designer is to equalize the probe sensitivity at a relatively long 
distance.    

Figure 4.3     An example of conceptual design of a dual straight beam probe for a test 
object with a concave surface.  
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4.4. EXAMPLE OF DUAL STRAIGHT 
BEAM PROBE DESIGN 

 The following parameters for a probe design are given (Figure  4.2 A):

t     =    12.7   mm — depth of the central ray ’ s intersection;  

c     =    3.2   mm — distance from the centerline of the probe to the exit 
point; and  

d     =    6.35   mm — crystal diameter.    

 The refracted L - wave angle  βl  is

    βl
c

t
= = = °arctan arctan

.

.
.

3 2

12 7
14

 The angle of incidence  α  is

    α β= ⎛
⎝⎜

⎞
⎠⎟ = ⎛

⎝⎜
⎞
⎠⎟ = °arcsin sin arcsin sin

.

.
. .l

W

L

V

V
14

2 735

5 85
6 5

Figure 4.4     Sensitivity curve for the  “ focal ”  distance 10   mm.  

30

50

70

90

0 5 10 15 20

Spline
Date

Depth of reflector, mm

S
ig

n
a

l 
a

m
p

lit
u

d
e

, 
%

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



4.4. Example of Dual Straight Beam Probe Design 83

 The diameter of imaginary crystal  d1  is

    d d l1 6 35 14 6 5 6 3= −( ) = × −( ) =cos . cos . . .β α mm

 The angle of divergence  φ  at a level of  − 6   dB is

    ϕ =
×

=
×

= °arcsin arcsin .
.

.
. .K

V

f d
L

1

0 7
5 85

5 6 3
7 5

 Distance  l1  from the imaginary crystal to the test surface is

    l l
V

V
W

L
1 9

2 735

5 85
14 6 50 4 1= − = − =cos( )

.

.
cos( . ) .β α mm

 where  l  is the height of the wedge center line. 

 Crystal position  c1  is

    c c l1 3 2 9 6 5 4 2= + × = + × =sin . sin . . .α mm

 The minimum depth of measurement  h1  at the level of  − 6   dB is

    h
c

l
l

1
1

1
4 2

14 7 5
4 1 14 6 7=

+( )
− =

+( )
− × =

tan
cos

.

tan .
. cos . .

β ϕ
β

 
mm

 The maximum depth of measurement  h2  is

    h
c

l
l

l2
1

1
4 2

14 7 5
4 1 14 32 8=

−( )
− =

−( )
− × =

tan
cos

.

tan .
. cos . .

β ϕ
β

 
mm

 The range of measurements  h3  is

    h h h3 2 1 32 8 6 7 26 1= − = − =. . . .mm

 It is a good practice, in some cases when the maximum possible signal 
amplitude from a given refl ector has to be achieved, to verify the trans-
mitter near fi eld length relative to the metal path. 

 The metal path for the given example of the probe design is

    Mp l
t= + = + =1

1

4 1
12 7

14
17 19

cos
.

.

cos
. .

β
mm
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84 CHAPTER 4 Dual Straight and Angle Beam Probe Design

 The near fi eld length for the crystal diameter 6.35   mm and the fre-
quency 5.0   MHz is

    N
d= =

×
=

2 2

4

6 35

4 1 17
8 62

λ
.

.
. mm

 where  λ     =    1.17   mm in steel for 5.0   MHz frequency. 

 The near fi eld length is almost two times shorter than the metal path. 
This shows that the design of the probe is not optimized. If the near 
fi eld length is equal to the metal path, one can expect that the gain can 
be drastically reduced to obtain the same signal amplitude from a given 
refl ector. There are two options to equalize these parameters: to increase 
the frequency or to increase the crystal diameter. 

 Let us increase the frequency to 7.5   MHz with the same crystal 
diameter

    N =
×

=6 35

4 0 78
12 92

2.

.
. mm

 where  λ     =    0.78   mm in steel for 7.5   MHz frequency. 

 This is better but not quite enough. Let us increase the crystal diameter 
to 9.5   mm with the same frequency of 5.0   MHz:

    N =
×

=9 5

4 1 17
19 29

2.

.
. .mm

 This near fi eld length is almost equal to the metal path. This position 
of the near fi eld relative to the metal path is shown in Figure  4.2 B. 

 Thus, the best performance of the probe will be achieved by using 
a 9.5 - mm crystal diameter, but the original probe design was made for 
the crystal diameter 6.35   mm. The probe has to be recalculated until 
the metal pass and the near fi eld are in a desirable agreement. 

 An example of the probe design is shown in Figure  4.5 . The 
housing 3 contains wedges 1 with two crystal assemblies 2. The wedges 
are separated by an acoustic and an electrical insulator 8. Tubing 4 
inserted in the fi tting 5 supplies couplant liquid to the probe footprint. 
On the top of the housing is the cover 7 with two connectors 6.   

 The experimental sensitivity curves for dual straight beam probes 
designed for different depths  F  of the central ray ’ s intersection are 
shown in Figure  4.6 .    
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Figure 4.5     Example of a dual straight beam probe design.  
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86 CHAPTER 4 Dual Straight and Angle Beam Probe Design

Figure 4.7     Wedge arrangement of a dual angle beam probe: (A) using a  “ roof ”  angle, 
(B) using a skew angle.  

(A)

(B)

2δ

α

γ1

α

4.5. BASICS OF DUAL ANGLE BEAM 
PROBE DESIGN 

 The dual angle beam probes are used for refracted S - wave or L - wave 
generation in test objects. These probes are also suitable for  “ creeping ”
and other specifi c wave generation when the wedge angle is equal or 
close to the fi rst critical angle. 

 The dual angle beam probe contains two wedges with transducers: 
a transmitter and a receiver. There are two possibilities to arrange 
wedges for dual angle beam probes: by using either a skew angle  δ  or 
a “ roof ”  angle  γ . Figure  4.7  shows these arrangements. If arrangement 
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4.6. Wedge Conceptual Design 87

B is chosen, only the skew angle δ  should be calculated and wedges 
with the angle of the incidence α  should be rotated at this skew angle. 
If arrangement A is chosen, the angle of incidence  α  has to be corrected 
and the “ roof ”  angle  γ  calculated.    

4.6. WEDGE CONCEPTUAL DESIGN 

 In both cases of the design, using either the skew or the  “ roof ”  angles, 
the intention is to direct the refracted beam central ray from point  o  to 
point c  (Figure  4.8 ). The fi rst possibility (Figure  4.8 A) is to rotate both 
wedges with the angle of incidence α  on a skew angle  δ  around point 
o  in order to make the wedge angle plane  o1 - a1 - o - d1  coincide with 
the required refracted angle plane o - a - c - d . Thus, the refracted beam 
center ray will lie in the plane o - a - c - d . In this case, each wedge 
will have only a single wedge angle, but all of its sides have to be 
machined at the same skew angle  δ  to make the wedges suitable for 
assembly in the smallest possible size of housing. In any case, the 
wedges itself and the probe will be larger than in the wedge design with 
the “ roof ”  angle.   

 The second possibility is to make the wedges with a compound 
angle: the wedge angle α  and the  “ roof ”  angle  γ  (Figure  4.8 B). This 

Figure 4.8     Two conceptual designs of a dual angle beam probe.  
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88 CHAPTER 4 Dual Straight and Angle Beam Probe Design

design is more compact. In this case, the wedge surface at angle α  has 
to be inclined on angle γ . The refracted beam center ray will lay in the 
plane o - b - c - e . 

 The sketches that are shown in Figure  4.8  represent only the trans-
mitter wedges of the probes and the refracted beam in the material of 
a test object. The rectangle  o1 - a1 - b1 - o - d1 - e1  shown in both sketches is 
the left wedge, and the rectangle o - a - b - c - d - e - f  corresponds to a portion 
of the test object.  

4.7. WEDGE DESIGN FOR INSPECTION OF A TEST 
OBJECT WITH FLAT AND PARALLEL SURFACES 

 The schema of calculation is shown in Figure  4.9 , where 

T  is the wedge transmitter;    

R  is the wedge receiver;  

t  is the depth of the refracted beams ’  intersection or thickness of 
the test object;  

α1  is the angle of incidence in the central plane A;  

α  is the angle of incidence in the plane B;  

β1  is a refracted angle in the central plane A;  

β  is a refracted angle in the plane B;  

δ  is the skew angle;  

c  is the distance between the exit point of the transmitter (or 
receiver) and the center line of the probe; and  

γ  is the  “ roof ”  angle.    

 Let us consider the case of a rectangular transducer, the footprint of 
which is shown in Figure  4.10 . This kind of transducer is common for 
phased array probes.   

 The purpose of a dual angle beam wedge calculation is to determine 
its acoustic and geometric parameters for a given refracted angle and 
the transducer to be used. 

 Before the calculation can be performed, several probe parameters, 
along with the test object data, must be specifi ed, such as (Figures 
 4.9 – 4.11 ):
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Figure 4.9     Diagram related to the calculation of a dual angle beam probe.  
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Figure 4.10     Foot print of a phased array transducer.  
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Figure 4.11     Geometrical parameters of the wedge with a fl at footprint.  
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   sound velocity in wedge material  VW ;    

  sound velocity in test material  VM ;  

  transducer length  Lt ;  

  transducer width  X ;  

  element length  Lel ;  

  element width  Hel ;  

  coordinates of the element center (point  “ a ” )  X1  and  Y1 ; and  

  one of the wedge dimension, for example,  T .    
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4.7. Inspection of a Test Object with Flat and Parallel Surfaces 91

 The following are the wedge parameters to be determined (Figure  4.9 ):

   the refracted angle  β  in the plane B,  

  the angle of incidence  α  in the plane B, and  

  the skew  δ  and  “ roof ”   γ  angle.    

4.7.1. The Wedge Calculation for the Inspection of 
Test Objects with Flat and Parallel Surfaces 

 Distance  c  between the centerline of the probe and the exit point should 
be chosen as c     ≥     X1 . 

 The skew angle  δ  is

    δ
β

=
×

arctan
tan

.
c

t 1

    (4.10)   

 The skew refracted angle is

    β
β
δ

= ⎛
⎝⎜

⎞
⎠⎟arctan

tan

cos
.1     (4.11)   

 The angle of incidence is

    α β= ⎛
⎝⎜

⎞
⎠⎟arcsin sin .

V

V
W

M

    (4.12)   

 The  “ roof  “ angle is

    γ α δ= ×( )arctan sin tan .     (4.13)   

 The  “ roof  “ angle in view B (Figure  4.11 ) is

    γ
γ
α1 = ⎛

⎝⎜
⎞
⎠⎟arctan

tan

cos
.     (4.14)   

 The geometric parameters of the wedge can be calculated as follows:

P W T= × +tan γ1     (4.15)   

 where  W     ≥     X ,

    L
L

P nt= + × +
cos

tan
α

α     (4.16)   

 where  Lt  is the length of the transducer. 
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n  is an addition to the wedge length (0.25    ÷    0.30 in.) as a space for 
refracted central ray deviation and couplant delivery system, if it is 
necessary:

 `   

H L P

L L

h W g

g t

= × +
= ×
= +

sin

cos

α
α

2

    (4.17)  

  where  g  is the thickness of the acoustic insulator

    Z P Y X= ± × ± ×( )[ ]1 1sin sin cos .α γ α     (4.18)   

 The distance between the front edge of the wedge and the exit point is

L L Z
Lt

1
2

≅ − × +⎛
⎝⎜

⎞
⎠⎟tan

cos
.α

α
    (4.19)   

 To verify dimension  “c , ”

    c
W

Z= − ×
2

tan .γ     (4.20)     

4.8. WEDGE DESIGN FOR THE INSPECTION OF 
A TEST OBJECT WITH A CURVED SURFACE 

4.8.1. Wedge Calculation for the Inspection of 
a Test Object with Concentric Surfaces 

The Case of Axial Direction of Beam Propagation 

 The wedge designed for the inspection of the test object with the fl at 
and parallel surfaces cannot be used for the inspection of the test objects 
with concentric surfaces only by countering the wedge according to the 
pipe diameter, due to the fact that the desired directions of the central 
ray will be changed. 

 Figure  4.12  shows the roof angle  γ  and the central ray in the plane 
B (Figure  4.9 ) calculated for inspection of a test object with a fl at 
surface, and the desirable distance T  of the central ray ’ s intersection at 
point o. In this example, the distance T  is equal to the wall thickness. 
If this wedge will be contoured for a pipe with a certain radius and the 
same wall thickness T , and the pipe ’ s central angle  φ     =     γ , there will be 
no beam  “ refraction ”  in the test object due to the roof angle. The central 
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4.8. Wedge Design for the Inspection of a Test Object with a Curved Surface 93

ray’ s intersection will be at distance  x  (Figure  4.12 B). The second pos-
sibility of beam redirection will occur if the wedge will be contoured 
for a pipe with a certain radius and the roof angle for this curvature γcurv

will be less than γ . In this case also the distance central ray ’ s intersec-
tion will be at distance  y  (Figure  4.12 C).   

 Thus, the roof angle should be corrected ( γcor  ) to direct central ray ’ s  
intersection to point  o  (Figure  4.12 D). To correct the roof angle, one has 
to calculate parameter Δh  and then angle  ϕ  for given  R  (Figure  4.13 ):

    Δh R
W

R
= − ⎛

⎝⎜
⎞
⎠⎟

⎡
⎣⎢

⎤
⎦⎥

1 cos arcsin     (4.20)    

c c hc = + ×Δ tan γ     (4.21)  

φ = arcsin
c

R
c     (4.14)   

 So, the corrected roof angle is

γ γ ϕc = +     (4.15)    

The Case of Circumferential Direction of 
Beam Propagation 

 For pipe inspection with dual angle beam probes, the sequence of cal-
culations is different. In the previous case (testing of an object with fl at 
and parallel surfaces), the angle of attack is equal to the refracted angle. 
In the case of testing pipes, the angle of attack βa  is not equal to the 

Figure 4.12     Sketches related to wedge design for test objects with concentric surfaces.  
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Figure 4.13     Diagrams related to wedge calculation for test objects with concentric 
surfaces.
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refracted angle β1  (Figure  4.14 ). So, assuming that the angle of 
attack is known, the values to be calculated are the refracted angle, and 
then the angle of incidence, the skew, and the  “ roof ”  angle. Figure 
 4.14  (view C) shows positions of the exit points of the transmitter  T
and the receiver R  on the outer pipe surface. Section A - A is the plane 
of the transmitter refracted angle central ray propagation. The pipe 
section by inclined plane is an ellipse. Its small axis b is equal to the 
pipe outside radius R  and its larger axis is  a    =    R /sin δ . The angle 
of incidence, and then the roof angle, can be calculated at fi rst approxi-
mation, as follows. Let us assume that the transducer exit point O 2  on 
the ellipse and O 3  on the cylinder surfaces are coincident (Figure  4.14 , 
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Figure 4.14     Diagram for calculation of a dual angle beam probe oriented in the 
circumferential direction of a pipe.  
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96 CHAPTER 4 Dual Straight and Angle Beam Probe Design

section A - A). Then the angle  β1,  which is a portion of refracted 
angle βr  is

    β β1 = ⎛
⎝⎜

⎞
⎠⎟arcsin sin a

r

R
    (4.16)     

 and the central angle

    Δ = −β βa 1     (4.17)   

 The adjacent angle

    Δ Δ2 180= −

 The  “ metal path ”  (distance O - O 3 )

    M rP = sin

sin

Δ
β1

    (4.18)   

 Projection of  “ metal path ”  on fl at plane  Mpp     =     Mp (cos 90     −     βa ) 
 The skew angle

δ = arctan
c

Mpp
    (4.19)   

 The radius of the ellipse curvature at point  O2  is

    R
a b

a b
ea = +

×
( sin cos )2 2

1
2 2

1
3Δ Δ

    (4.20)   

 The parameter  a  (ellipse  “ a ” ) can be calculated as

    a
R=

−cos( )90 1Δ
    (4.21)   

 The angle  Δ1

    Δ1 = arccos
Mpp

a
    (4.22)   

 The defi nition of  Δ1  is clear from Figure  4.15 .   
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Figure 4.15     Defi nition of  Δ1.

a

b

a

Mpp or c

Ellipse “a” or “b”

Radius equal to parameter “a” or “b”

1Δ

 The distance  d  (O 1 O 2 ) can be calculated as

    d
a b

a ba a

= ×
+( )2

1
2 2

1sin cosΔ Δ
    (4.23)   

 The distance  O - O2  is the second approximation of the metal path. 
 Using the distance  d,  the angle between vertical diameter of the 

pipe and the radius of the ellipse curvature can be determined as:

    Φ Δ= ⎛
⎝⎜

⎞
⎠⎟arcsin sin 2

d

Rea

    (4.24)   

 Knowing this angle, the second portion  ρ  of refracted angle can be 
calculated as ρ     =     Δ     −     Φ . 

 Then the refracted angle

    β β ρr = +1     (4.25)   
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 Finally the angle of incidence

    α β= ⎛
⎝⎜

⎞
⎠⎟arcsin sin r

W

S

V

V
    (4.26)   

 The angle  θ , which is equal to the angle  Φ , has to be added to the angle 
of incidence. So, the corrected angle of incidence is: αc     =     α     +     Φ . 

 Finally, the  “ roof ”  angle should be calculated. This angle can be 
calculated the same way as it was done in the case of a fl at surface, 
and then corrected by adding angle φ  (Figure  4.14 , section B - B). 
Basically, the correction angle  φ  should be determined by using the 
same procedure as for the angle Φ  calculation, using curvature radius 
of ellipse, but not the radius of circle R . 

 The parameter  a1  which is not shown on the Figure  4.15 , (ellipse 
“ b ” ) is:

    a
R

1 =
cosδ

    (4.27)   

 In this case   Δ1
1

b
c

a
= arccos

 Radius of curvature for ellipse  “ b ”

    R
a b

a b
eb

b b=
+( )
×

1
2 2

1 1
2 2

1
3

1 1

sin cosΔ Δ
    (4.28)  

ϕ = arcsin
c

Reb

    (4.29)   

 The corrected  “ roof ”  angle is

    γ γ ϕc = +     (4.30)        
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  CHAPTER 5

Multiple Crystal 

Probe Design     

    5.1. CONCEPT OF “PACKAGING”

 The conventional automated ultrasonic inspection systems are usually 
multichannel systems. To make the system maximally effective, as 
many channels as possible should be activated during one scan. At the 
same time, the number of separate probes should be kept to a minimum. 
This will increase positioning accuracy and simplify the scanners and 
the probes holding fi xtures. 

 These opposing requirements should be considered during probe 
packaging , that is, the placement in the same housing as many crystal 
assemblies and using a minimum of separate wedges as is possible. A 
system of multiple probes can be created. The package should have a 
built - in couplant delivery system and wear protection. Special attention 
should be given to wedge(s) noise elimination. 

 These multiple crystal probes are a step toward linear and phased 
array probes. In many cases, the phased array probes cannot replace 
the multiple crystal probes, which can have a unique combination of 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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100 CHAPTER 5 Multiple Crystal Probe Design 

the crystal assemblies. There is variety of multiple crystal probe designs. 
Several examples are shown below. 

5.1.1. Triplex Probes 

 There are several designs of the  triplex probes . The diagram of one of 
these probes is shown in Figure  5.1 . The probe consists of three crystal 
assemblies located on one wedge. The angle of incidence or the wedge 
angle α  provides, for example, the 70 ° S refracted angle, and the wedge 
angle α1  provides a 60 ° S or a 45 ° S refracted angle in a test object. Any 
other combination of the angles may be used. On the top of the wedge 
is a crystal assembly for the straight beam portion of the probe. The 
wedge height h  limits the thickness of the test object that can be 
inspected with a straight beam. The maximum allowable thickness 
should be determined in accordance with a delay line calculation. It is 
desirable that the probe index should be the same for each crystal 
assembly.   

 Another schema of a triplex probe package is shown in Figure  5.2 .   
 This probe contains two wedges and four crystal assemblies: two 

for 45 ° S and 60 ° S refracted angles (or other modes and angles) single 
probes and two (T and R) for a dual straight beam portion of the probe. 
The design is compact and satisfi es the requirements of many specifi ca-
tions for inspection. 

Figure 5.1     A triplex probe conceptual design to generate beams with the refracted 
angles: (1) 70 ° S single, (2) 45 ° S (60 ° S) single, and (3) 0 ° L single.  

0°

α α
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2

3

1
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5.1. Concept of “Packaging” 101

 The next illustration of design (Figure  5.3 ) is also a triplex probe, 
but two single probes (a and b) are aimed in the opposite directions. 
These types of probes can be designed, practically, for any wave mode 
and any refracted angle. The dual straight beam portion of the probe 
consists of crystal assemblies T and R, positioned at an angle of approx-
imately 45 °  to the probe longitudinal axis.    

5.1.2. Dual Duplex Angle Beam Probes 

 The combination of two dual angle beam probes is shown in the 
diagram of Figure  5.4 . Each probe comprises two crystal assemblies T 
and R, or T 1  and R 1 , and can be of L -  or S - mode. This probe is very 
compact. Each of the two wedges has approximately the same size as 
one wedge for a single angle beam probe. The wedge noise is practi-
cally eliminated due to the fact that each crystal assembly acts as an 
absorber material.    

Figure 5.2     Conceptual design of a triplex probe to generate beams with refracted 
angles: 45 ° S single, 60 ° S single, and 0 ° L dual.  

45S

60S

R

T

Figure 5.3     Conceptual design of a triplex probe: a and b are single probes oriented in 
the opposite directions, T and R are crystal assemblies for the dual 0 ° L portion of the 
probe.
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102 CHAPTER 5 Multiple Crystal Probe Design 

5.1.3. Five Crystal Assemblies Probe 

 The probe plan shown in Figure  5.5  is a fi ve crystal assembly probe. 
It consists of one wedge with four cutouts for the crystal assemblies b, 
c, d, and e. Each of these cutouts form a single crystal assembly wedge 
with the specifi ed angle of incidence.   

 The crystal assembly a, which represents the straight beam portion 
of the probe, is located in the center of the wedge. This probe can be 
used on a test object with fl at or curved surfaces. Staggering the crystals 
prevents wedge noise and cross talk between crystals.   

Figure 5.4     Conceptual design of a dual duplex probe: two dual angle beam probes 
oriented in the opposite directions.  

RT

TR1

1

Figure 5.5     Conceptual design of a fi ve crystal assembly probe: four single angle beam 
probes (b, c, d, and e) and one single straight beam probe (a).  
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5.2. Example of Triplex Probe Design 103

5.2. EXAMPLE OF TRIPLEX PROBE DESIGN 

5.2.1. Requirements for Triplex Probe Design 

 As an example, the triplex probe to be designed for the inspection of 
test objects is made from carbon steel. The probe should contain two 
single crystal probes with refracted angles of 45 ° S and 60 ° S oriented 
in the same direction, along with dual straight beam probe. The 
maximum wall thickness of the test object to be inspected is  T     =    130   mm 
and the average wall thickness is TAV     =    115   mm. 

 The fi rst step in the design is to determine the maximum metal path 
and, based on this, a crystal size and frequency. The maximum metal 
path is

    Mp
T= = =

cos cos60

130

60
260 mm

 Based on the experimental data, an adequate crystal size for this metal 
path is d    =    19   mm with a frequency of 2.25   MHz. 

 The conceptual design of this probe is shown in Figure  5.6 . To 
make a compact and lightweight probe, the crystal assemblies for the 

Figure 5.6     Conceptual design of a triplex probe. (1) Serration, (2) wedge 45 ° S, 
(3) crystal assembly for dual 0 ° L portion for the probe (receiver), (4) crystal assembly 
for 45 ° S portion for the probe, (5) crystal assembly for 60 ° S portion for the probe, (6) 
wedge 60 ° S, (7) crystal assembly for the dual 0 ° L portion for the probe (transmitter).  

1 2 3 4 5 6 7 3
View A

2

A

T
R
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104 CHAPTER 5 Multiple Crystal Probe Design 

Figure 5.7     Ray tracing in the 60 ° S refracted angle wedge (A) and fi nal dimensions of 
the wedge (B).  
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dual probes should be placed on the front top of the angle beam wedges. 
The wedge design for the 60 ° S refracted angle should be made fi rst, 
because its size will be larger than the 45 ° S refracted angle wedge and, 
thus, will dominate the overall size of the triplex probe.    

5.2.2. Wedge Design for 60 °S Refracted Angle 

 The wedge angle calculated by Snell ’ s law is

    α β= = = °arcsin arcsin
.

.
. ,

V

V
wl

s

60
2 735

3 23
47 16

  where    Vwl        is L - wave velocity in the wedge material,  

   Vs        is S - wave velocity in the test object material.    

 From the experimental graph (similar to 3 – 8) for crystal size d    =    19   mm, 
the wedge angle is α     =    48 ° . 

 Ray tracing in the wedge is shown in Figures  5.7  and  5.8 . 
 The next step in wedge design is to determine preliminarily the 

heights h1  and  h  and then to verify their correctness with the following 
calculations. Assume that  h1     =    4.0   mm. From a practical point of view, 
the height h     =    2 h1     =    8   mm. 

 The minimum height of the wedge is

    h d h2 2= × +sin ,α

 where  d2     =    20   mm — diameter of crystal assembly. 
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5.2. Example of Triplex Probe Design 105

 Therefore,

    h2 20 48 8 22 9= + =sin . .mm

 The fi rst step in the wedge length determination is to calculate the probe 
index n1.

    n
d

1
2

19

2 48
14 2= = =

cos cos
. .

α
mm

 Then, the total wedge length is

    L n h= + +2 1 5 2 51 . tan . ,α

    L = × + × × + =2 14 2 1 5 8 48 2 5 44 23. . tan . . ,mm

  where 2.5   mm is the depth of the serration. 
 Assume that the wedge length is 44.5   mm and the wedge height is 

23   mm. 
 The next important requirement for the wedge design is to prevent 

L -  and S - wave refl ection inside the wedge to be directed back to the 
crystal. For L - wave (which is more important than S - wave), this can 
be achieved if 2 α     ≥    90 ° . In our case, 2    ×    48 °     =    96 °     >    90 ° . 

 As to the S - wave, it is a desirable but not a mandatory requirement, 
because the attenuation of S - wave is more than the L - wave. This 
requirement will be met if

    h d
S

≥
+( )

cos

tan
,

α
α α

Figure 5.8     Ray tracing in the 45 ° S refracted angle wedge (A) and fi nal dimensions of 
the wedge (B).  
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106 CHAPTER 5 Multiple Crystal Probe Design 

 where  αs  is the angle of S - wave refl ection (see Figure  5.7 A):

    α αs
ws

l

V

V
= = = °arcsin arcsin

.

.
. ,48

1 13

2 735
17 88

 where  Vws     =    1.13   mm/ μ s is S - wave velocity in Plexiglas. In this case,

h =
+( )

=19
48

48 17 88
5 7

cos

tan .
. .mm

 This dimension is less than  h     =    8.0   mm in the designed wedge, so 
the desirable requirement is satisfi ed. Thus, the 60 ° S wedge design 
meets the requirements. The fi nal dimensions of this wedge is shown 
in Figure  5.7 B.  

5.2.3. Wedge Design for 45 °S Refracted Angle 

 The wedge angle calculated by Snell ’ s law is

    α = = °arcsin
.

.
. .45

2 735

3 23
36 78

 From the experimental graph (similar to 3 – 8) for crystal size diameter 
d    =    19.0   mm, the wedge angle is  α     =    37.5 ° . 

 The dimension of the wedge low end should be equal 4.0   mm, the 
same as for the 60 ° S wedge; therefore, the minimum height of this 
wedge is

    h d h2 2 20 37 5 8 20 2= × + = + =sin sin . . .α mm

 The wedge length is also to be the same as for the 60 ° S wedge 
(Figure  5.8 ).   

 The probe index for this wedge will not be more than for the 60 ° S 
wedge, due to the same length. 

 The criterion 2 α     ≥    90 °  is not fulfi lled in this case 
(2α     =    2    ×    37.5    =    75 ° ). This means that the criterion based on 
distance h     ≥     h1 cos α  has to be checked for L -  and S - waves refl ections 
(Figure  5.8 A). 
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 For L - wave,

    h dl = =
×

=cos

tan

cos .

tan .
. ,

α
α2

19
37 5

2 37 5
4 0 mm

 which is the same as the actual dimension and, therefore, satisfi es the 
requirement.

 For S - wave,

    h ds
s

=
+( )

=
+( )

=cos

tan

cos .

tan . .
. ,

α
α α

19
37 5

37 5 14 57
11 8 mm

 where  αs  is an angle of S - wave refl ection:

    α αs
ws

wl

V

V
= = = °arcsin arcsin .

.

.
. ,37 5

1 13

2 735
14 57

 where  Vws     =    1.13   mm/ μ s is S - wave velocity in Plexiglas. 
 The real dimension  h     =    8.0   mm is less, which does not satisfy the 

requirements.
 There are two options for correction: to increase the wedge height 

and make it the same as in 60 ° S wedge, which will satisfy the require-
ments, or to leave it as is. If the latter is the case, this may result in 
wedge noise. 

 The fi nal dimensions of this wedge are shown in Figure  5.8 B.  

5.2.4. Dual Straight Beam Probe Design as 
Portion of Triplex Probe 

 The crystal assemblies for the dual straight beam portion of the 
probe should be located on the front of the probe at the top of the 
wedges. The transmitter T is located on top of the 60 ° S wedge and 
the receiver R is located on the top of the 45 ° S wedge as shown in 
Figure  5.6 . The intention of the dual straight beam portion of the probe 
calculation is to determine the roof angle to satisfy the inspection 
requirements.

 The test objects have thicknesses from 100 to 130   mm. It is desir-
able that one dual straight beam probe will detect refl ectors located at 
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108 CHAPTER 5 Multiple Crystal Probe Design 

any depth of these thicknesses. The average thickness for the calcula-
tion is TAV     =    115   mm. The specifi ed parameters of the probe are 

•      Crystal diameter — d    =    19.0   mm  

•      L - wave velocity in Plexiglass —Vw     =    2.735   mm/ μ s  

•      L - wave velocity in the metal —Vl     =    5.85   mm/ μ s  

•      Average thickness —TAV     =    115   mm  

•      Central ray exit point distance —c     =    10.0   mm  

•      Height of the transmitter wedge — l    =    23.0   mm  

•      Frequency  f     =    2.25   MHz  

•      Distance of rays intersection H 0     =    51   mm.    

 The refracted angle

    β = = = °arctan arctan
.

.
.

c

H0

10 0

51 0
11 1

 The angle of incidence or roof angle

    α β= ⎛
⎝⎜

⎞
⎠⎟

= ⎛
⎝⎜

⎞
⎠⎟

= °arcsin sin arcsin sin .
.

.
.

V

V
w

l

11 1
2 735

5 85
5 16

 The diameter of the imaginary crystal

    d d1 19 0 11 1 5 16 18 9= −( ) = −( ) =cos . cos . . .β α mm

 The angle of the divergence for a free fi eld at the  − 6   dB level

    ϕ =
×

=
×

= °arcsin arcsin .
.

. .
.K

V

f d
i

1

0 70
5 85

2 25 18 9
5 52

 The distance from the imaginary crystal to the test surface

    l l
V

V
w

l

1 23 0 11 1 5 16
2 735

5 85
10 23= −( ) = −( ) =cos . cos . .

.

.
.β α mm
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5.2. Example of Triplex Probe Design 109

 The position of the imaginary crystal from the center line of the probe

c c l1 1 10 10 23 11 1 12 0= + = + =sin . sin . .β mm

 The minimum depth of measurements at the  − 6   dB level

h
c

l1
1

1

12 0

11 1 5 52
10 23 11 1 30 5

=
+( )

−

=
+( )

− =

tan
cos

.

tan . .
. cos . .

β ϕ
β

mmm

 The maximum depth of measurements at the  − 6   dB level

h
c

l2
1

1

12 0

11 1 5 52
10 23 11 1 112

=
−( )

−

=
−( )

− × =

tan
cos

.

tan . .
. cos . .

β ϕ
β

66 mm

 This maximum depth is slightly less than the average thickness (the 
distance at which a fl aw is to be detected and measured) at the  − 6   dB 
level. If the angle of incidence, or the roof angle, is to be equal to 5.0 °
instead of 5.16 ° , this will slightly increase the maximum depth of mea-
surements at the − 6   dB level. 

 Let us compare metal path in the test object at the distance H 0  with 
the length of the near fi eld (Figure  5.9  ) . 

 The metal path is

    
Mp

H
c

H

=
⎛
⎝⎜

⎞
⎠⎟

=
⎛
⎝⎜

⎞
⎠⎟

=0

0

51
10
51

52
cos arctan cos arctan

.mm

 The near fi eld length at the frequency 2.25   MHz is

    N
d f

V
l

L

= ×
×

− = ×
×

− =
2

1

2

4

19 2 25

4 5 85
10 23 24 48

.

.
. . .mm

 One can see that the near fi eld length is much less then the metal path. 
As was mentioned earlier, the optimum performance of a dual straight 
beam probe is when the metal path is equal to the near fi eld length. Let 
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us change the frequency to 3.50   MHz. In this case, the near fi eld length 
in the test object is

    N = ×
×

− =19 3 5

4 5 85
10 23 54 0

2 .

.
. . .mm

 Thus, changing the frequency from 2.25 to 3.50   MHz will improve 
the performance of the dual portion of the probe.     

Figure 5.9     The dual straight beam portion of the probe calculation.  
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  CHAPTER 6

Technique Development 

and Probe Design for 

 TOFD  Method Application     

    6.1. INTRODUCTION TO TECHNIQUES BASED ON 
DIFFRACTION PHENOMENA 

 The  time of fl ight diffraction  ( TOFD ) techniques are used primarily for 
detection and sizing the depth of crack - like fl aws  [25 – 28] . Briefl y and 
in a very simplifi ed manner, the phenomenon of crack tip diffraction 
can be described as follows (Figure  6.1 ).   

 When an ultrasonic beam interacts with a crack - like fl aw, the major 
amount of its energy refl ects and possibly, mode converts, according 
to well - known laws. In the vicinity of sharp crack tips, a small portion 
of energy radiates in the form of diffracted waves. 

 The crack tip functions as a point source, and the front of the dif-
fracted wave is circular. 

 Basically, the amount of energy converted into diffracted waves 
depends on the angle of attack relative to the plane of the crack, as well 
as the frequency and the wave mode. The mathematical and, 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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112 CHAPTER 6 TOFD Method Application

particularly, the quantitative description of the tip diffraction process 
is complicated. Therefore, it is mostly the experimental data that 
provide us with the information regarding the infl uence of the different 
ultrasonic parameters on the tip diffraction signal amplitude. Practically, 
the wedge design and analysis of the received signals are based on 
geometrical calculations. 

 The purpose of any technique development, and especially if based 
on the diffraction phenomenon, is to increase the amplitude of the 
relevant signals (in this case, usually a weak tip diffraction signal) and 
eliminate any noise and irrelevant signals. 

 There are several techniques based on the diffraction phenomenon. 
The sketches in Figure  6.2  show the probe locations for several com-
monly used techniques. There is some confusion in the defi nition of 
the different techniques based on the diffraction phenomenon. We will 
use the following terminology.   

 In the case of the front surface breaking crack detection and depth 
sizing (Figure  6.2 , A), several positions of the receiver R are possible 
relative to the transmitter T. When the combination of probes T and R 1
is used, the technique is commonly referred to as TOFD. It is better to 
refer to this technique as “ forward scattering symmetric TOFD ”  (com-
bination of T and R 1 ). 

Figure 6.1     Interaction of an ultrasonic beam with a crack - like fl aw.  

Crack

Diffracted wave fronts

Wave front of incident beam

Wave front of reflected beam
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6.2. TOFD Forward Scattering Technique 113

 When the transmitter and receiver are located not at the same dis-
tance from the crack opening, the technique is known as  “ forward 
scattering asymmetric TOFD ”  (combination of T and R 2 ). In the case 
of the combination T and R 3 , the transmitter and the receiver are on the 
same side of the crack, and the technique can be referred to as “ back 
scattering TOFD ” . When sizing a crack which is initiated from the 
surface opposite to the scanning (front) surface (Figure  6.2 , B), the 
same combination of probes can be used plus one more combination, 
T and R 4 . When the receiver is located over the crack, this technique 
is known as “ delta TOFD ” .  

6.2. TOFD FORWARD SCATTERING TECHNIQUE 

 The fi rst offi cial document describing the principles of this technique, 
calibration, and estimation of a fl aw size is the British Standard BS 
7706:1993  [29] . 

 This technique is most commonly used for crack sizing during the 
inspection of butt bevel welded joints. It has several advantages over 
the other TOFD techniques. For example (Figure  6.3 IIIa), in the absence 
of a front surface breaking crack, two signals will be present on the 
screen at all times during scanning: signal L generated by lateral wave 
LL  and signal B generated by and refl ected from the opposite (back) 
surface wave L. These signals serve as reference signals to verify fl aw 

Figure 6.2     TOFD technique defi nitions.  
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114 CHAPTER 6 TOFD Method Application

detection, and also as a sign of proper system operation. Therefore, the 
intention of the probe design for this technique is not only to optimize 
a tip diffraction signal, but also to generate meaningful lateral and back 
wall signals.   

 It should be kept in mind that when an oblique incident beam 
strikes a test surface, the acoustic fi eld has a horizontal component L L
or S L  (Figure  6.3 , I and II). 

 If the L - wave angle of incidence  α  is slightly less than  αcr1,  then 
the L L  wave is known as a lateral wave (Figure  6.3 I). This wave propa-
gates at the shortest path between the transmitter T and receiver R on 
fl at or convex surfaces. The lateral wave becomes a  “ creeping ”  wave 
when it propagates on a fl at or a concave surface and when the incident 
angle α  reaches the fi rst critical angle  αcr1  or slightly greater. When the 
angle of incidence αcr1     <     α     <     αcr2 , S L  is a shear lateral wave (Figure 
 6.3 II). This lateral wave becomes a surface wave at the second critical 
angle and slightly beyond it. 

 Sketch III of Figure  6.3  shows several combinations of signals. As 
mentioned earlier, sketch a shows a lateral wave signal L and a back 
wall signal B in the absence of a front surface breaking crack. Sketch 
b shows the signal C r  from the front surface breaking crack tip and the 
back wall signal B. Sketch c shows the lateral wave signal L and the 
signal C r  from a back wall surface breaking crack tip. 

 The probes for this technique can be made as one combined unit 
or as two separate units using L - waves or S - waves, depending on the 

Figure 6.3     The wave modes generated by an oblique incident beam in a test object 
with the fl at and parallel surfaces.  
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test objective. During the development of this technique, the calcula-
tions should be performed to determine, among other things, the probe ’ s 
parameters such as the wedge angle and the wedge exit points separa-
tion, to size crack depth in a specifi ed range. The calculations are dif-
ferent for the test objects with fl at and curved surfaces. 

6.2.1. Flat Surface Test Object Inspection 

 Figure  6.4  shows the variables for calculation of the probe ’ s parameters 
to inspect a fl at surface test object with a crack initiating from the front 
surface.   

 First of all, the angle of incidence  α  should be calculated. This can 
be accomplished in the same manner as for a dual straight beam probe, 
using the concept of an imaginary source. Two parameters should be 
predetermined: an average depth h  of a crack to be sized and the angle 
of attack β1 . In the case of a fl at test surface, the angle of attack is equal 
to the refracted angle β  and should be in the range of 45 °– 60 ° . 
Experiments show that in this range of angles, it is more probable to 
receive a relatively high amplitude of a tip diffraction signal. The half 
distance c  between the exit point of the transmitter and the receiver is 
a function of crack depth h . So, for a given refracted angle  β,

    c h= tan .β     (6.1)   

Figure 6.4     Diagram of probe calculation for TOFD forward scattering technique for 
inspection of a test object with a fl at front surface.  
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 The angle of incidence is

    α β= ⎛
⎝⎜

⎞
⎠⎟

arcsin sin .
V

V

w

s
    (6.2)   

 where  Vw  is the wave velocity in the wedge material and  Vs  is the wave 
velocity in metal material. 

 The range of the crack depth measurement at the  − 6   dB levels can 
be determined the same way as in the case of a dual straight beam 
probe.

 It is useful to make graphs for these calculations where  h     =     ϕ ( c ), 
and β     =    const. 

 The fi nal step in the calculation is to determine the crack depth as 
function h     =     ϕ ( τ ) after the time of fl ight (TOF) ( τ ) is measured, and 
c     =    const. From the geometry of a symmetrical system, it is clear that

h M c= −2 2 .     (6.3)   

 The metal path  M  can be expressed by means of the measured time  τ
and the sound velocity Vs  in the test object metal, as

    2M Vs=τ

    M
Vs= τ
2

    M
Vs2

2

2
= ⎛

⎝⎜
⎞
⎠⎟

τ
.

 Thus, the fi nal equation is

    h V cs= ( ) −⎡⎣ ⎤⎦
1

2
42 2τ .     (6.4)   

 This equation is used mostly in the case when the lateral wave 
signal is absent. In many cases, when the lateral wave signal is appar-
ent, the other equation can be used. It is based on the difference in TOF 
between the signals from the crack tip and the lateral wave ( τL ):

    h
Vs

L= −( )
2

2 2τ τ .     (6.5)   

 Analogous equations can be derived for an asymmetric position of the 
probes.
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6.2. TOFD Forward Scattering Technique 117

 For both probes positions, the symmetric and the asymmetric, the 
maximum signal amplitude is determined by the divergent diagram of 
the receiver.  

6.2.2. Curved Surface Test Object Inspection 
(Figure 6.5)

 Consider the case of an inspection of a hollow cylinder with the inner 
radius r  and the wall thickness  T . The fi rst step in designing a probe 
for axial crack detection and sizing by scanning from the inside of the 
cylinder is to determine the limitations caused by the cylinder inner 
radius. One of the limitations is associated with an angle of attack β1

which should be chosen from 45 °  to 60 ° , as mentioned earlier. The 
second limitation is related to the depth of the crack which can be sized. 
The crack initiation can be from either the outside or inside surface of 
the cylinder; what is important is the location of the crack tip.   

 The crack with the depth  h  in Figure  6.5  is initiated from the inside 
surface of the cylinder. If the crack is initiated from the outside surface, 
the distance h  is a ligament (remaining wall thickness). The sequence 
of calculations is the same in both cases. In practice, the range of the 
crack depth to be sized is specifi ed. So, the maximum (or minimum) 
crack depth h  at the recommended minimum angle of attack should be 
calculated. If the minimum achievable angle of attack appears to be 
less than preferable, it may be a problem to determine the depth of the 

Figure 6.5     Diagram for calculation of minimum crack depth, which can be sized.  
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detected crack. The diagram in Figure  6.5  is helpful to understand the 
theoretical and practical limitations of the transmitter T and receiver R 
positions for sizing the depth of the crack. 

 One of the limitations is that the refracted angle  β  theoretically 
cannot be more than 90 °  (in practice approximately 75 ° ). The other 
limitation is the inside diameter of the hollow cylinder. For example, 
the inside diameter of the cylinder is such that required position of the 
exit points of the transmitter T and the receiver R are 90 °  apart. In this 
case, the angle of attack β1  is equal to 45 ° , which is the minimum 
recommended angle. Thus, the distance 2 c  can be calculated as 
2 2c r= .

 The minimum depth of a crack that can be sized is

    h r r= −( ) =2 1 0 41. .     (6.6)   

 In the other case, when the inside diameter of the cylinder is larger 
and the wall is thinner, the angle of attack  β1  can be selected in the 
desirable range (Figure  6.6 ). The sequence of calculations is presented 
in Section  6.3 .     

6.3. EXAMPLES OF PROBE CALCULATION FOR 
CURVED SURFACE TEST OBJECT INSPECTION 

6.3.1. Axial Crack Detection and Sizing 

 As an example, let us calculate the probe parameters for the inspection 
of a hollow cylinder fabricated from stainless steel, to detect and size 

Figure 6.6     Diagram for calculation probe parameters for detection and sizing of an 
axial oriented crack (inspection from inside a cylinder).  
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6.3. Probe Calculation for Curved Surface Test Object Inspection 119

an axial crack. The method of inspection is immersion with the probes 
located inside the cylinder. 

 The assumption is (Figure  6.6 ) that the tip of the crack is located 
at the point o  at the distance  h  from inner surface (it can be a crack 
initiated from either inner or outer surface). The following data are 
given:

r     =    38   mm  

T     =    12.5   mm  

c     =    10   mm  

Vw     =    sound velocity in water 1.49   mm/ μ s  

Vl     =    L - wave sound velocity in stainless steel 5.72   mm/ μ s    

 The depth  h  of the crack should be calculated for different angels of 
attack. Then the probe parameters should be chosen to satisfy the speci-
fi cation for inspection. 

 The practical way to calculate the angle of attack  β1  is to choose 
an arbitrary refracted angle β  and then calculate the relative value of 
h . The sequence of calculation is as follows. 

 The central angle  γ

    γ = arcsin
c

r
    (6.7)   

 The angle of attack

    β β γ1 = −     (6.8)   

 The angle of incidence

    α β= arcsin
V

V
w

l

    (6.9)   

 The probe angle

    α α γ1 = −     (6.10)   
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 The position of a crack tip

    h r= −⎛
⎝⎜

⎞
⎠⎟

sin

sin

β
β1

1     (6.11)   

 The central angle is the same for all refracted angles

    γ = = °arcsin . .
10

38
15 26

 The calculations performed for refracted angles from 55 ° L to 75 ° L, and 
obtained parameters for the probe design are summarized in Table  6.1 .   

 The data in the table show that for the reliable sizing of an axial 
crack, the refracted angle β  should be at least 65 ° . At this angle, the 
maximum depth of the crack that can be sized is 7.27   mm. 

 For deeper crack sizing, parameter  c  would have to be increased.  

6.3.2. Circumferential Crack Detection and Sizing 
(Figure 6.7)

 The probe parameter calculations for circumferential crack detection 
and sizing can be performed assuming that the surface is fl at (focusing 
effect of the cylinder curved surface in axial direction is negligible). 
The initial data are the same as in the previous case.   

 In this case  β     =     β1 , 
 and the angle of incidence is

    α β= arcsin .
V

V
w

l

    (6.12)   

Table 6.1 

Parameters for Probe Design for Axial Crack Sizing 

         Axial crack sizing  

β , degree    55    60    65    70    75  

β1 , degree    39.53    44.53    49.53    54.53    59.53  

α , degree    12.30    13.00    13.63    14.14    14.54  

α1 , degree     − 3.17     − 2.47     − 1.84     − 1.33     − 0.93  

h , mm    10.90    8.93    7.27    5.84    4.59  
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 The crack depth is

    h
c=

tan
.

β
    (6.13)   

 The parameters for the probe design intended for circumferential crack 
sizing are presented in Table  6.2 .   

 As a rule, the depth of the crack to be sized is the same for both 
the axial and circumferential cracks. Let us assume that the depth 
of the crack to be sized is 5.80   mm. If the crack is axial, the angle of 
incidence is 14.14 ° . But if the crack is circumferential, the angle 
of incidence is 13.0 ° .  

6.3.3. Probe Design 

 The necessity of the probe angle  α1  (Table  6.1 ) calculation becomes 
obvious from the sketch in Figure  6.8 A. The best way to drill holes in 
the probe (transducers holder) for transducers is to measure the probe 

Figure 6.7     Sketch related to calculation of probe parameters, for circumferential crack 
detection and sizing (inspection from inside a cylinder).  

h
T

α

β

β1

c

Table 6.2 

Parameters for Probe Design for Circumferential Crack Sizing 

         Circumferential crack sizing  

β , degree    55    60    65    70    75  

α , degree    12.30    13.00    13.63    14.14    14.54  

h , mm    7.00    5.77    4.66    3.64    2.68  
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angle relative to the perpendicular to the transducers holder upper fl at 
surface. The distance  c1  should be calculated as

    c c h1 1 1= + × tan .α     (6.14)      

6.3.4. Comments

 The abovementioned British Standard BS 7706:1993 recommended 
using longitudinal waves “ as these arrive fi rst, simplifying the interpre-
tation of the responses. ”  And further:  “ The normal shear wave (verti-
cally polarized) should rarely be used in this search and size role.    . . .     ”

 In many cases, the use of S - wave probes can be preferable  [51] . 
For example, inspection of a steel hollow cylinder (ID    =    75   mm, wall 
thickness 15   mm) to detect and size an axial notch revealed that shear 
waves produce more reliable results (Figure  6.9 ). On the left side in 
this fi gure are screen captures obtained by using L - waves, on the right 
side, by using S - waves. To achieve the same signal amplitude from the 
tip of the notch (approximately 50% for L - waves TOF is 8.520    μ s; for 
S - waves TOF is 22.940    μ s), the system using L - waves required 20   dB 
more gain than the system using S - waves (compare pictures A and B). 
The noise level is approximately the same (pictures C and D). The 
lateral wave is stronger and more distinguishable in the case of the 

Figure 6.8     Conceptual design of the probe: (A) holes position of transducers for axial 
crack detection and sizing, (B) holes position of transducers for circumferential crack 
detection and sizing.  
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system using S - waves (TOF is 20.66    μ s). The shorter wave length for 
S - waves helps in the detection of the shallower refl ectors.   

 Accuracy of sizing is comparable.   

6.4. PROBE DESIGN FOR TOFD BACK 
SCATTERING TECHNIQUE 

6.4.1. Basics of TOFD Back Scattering Technique 

 As was previously mentioned, when a transmitter and a receiver of a 
probe is located on the same side of the crack, the technique is named 

Figure 6.9     Comparison of the results obtained during the inspection of the same test 
object by using longitudinal waves (A and C) and shear waves (B and D).  
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“ back scattering TOFD. ”  One of the designs based on this probe com-
bination is known as Tandem . 

 A Tandem probe consists of two wedges with crystal assemblies: 
receiver and transmitter (Figure  6.10 ). As a rule, the receiver is placed 
in front of the transmitter and separated from it by acoustic and electric 
insulators  [30, 31] .   

 Generally, the Tandem probe can be considered as another arrange-
ment of a dual angle beam probe, and therefore can be designed for a 
variety of refracted angles. In the most common designs, the wedge 
angle of the transmitter is calculated to produce a high angle refracted 
L - wave. This can be done if the angle of incidence is equal or close to 
the fi rst critical angle. In this case, several  “ specifi c ”  waves can be 
recognized in the refracted acoustic fi eld in the metal test object (Figure 
 6.11 ). A strong longitudinal wave  L  propagates at the refracted angle 
βL  of approximately 75 °– 80 ° , depending on the transducer frequency 
and the crystal size and shape. It is the same “ longitudinal surface 
wave”  which must propagate at the 90 °  refracted angle according to 
Snell’ s law.   

 In reality, a  “ creeping ”  wave C R  propagates along the front surface. 
This wave has a short path due to the radiation of “ indirect ”  shear 
waves (shown in the sketch by the small arrows). 

 A  “ direct ”  shear wave S propagates at the refracted angle  βs , cal-
culated by Snell ’ s law. When the  “ indirect ”  shear waves strike the back 
surface parallel to the front surface, the same set of “ specifi c ”  waves 
is observed, only in a mirror image (marked by subscript 1). Each of 
the “ specifi c ”  waves can carry out its own function. The interaction of 
these waves with a crack (notch) of height h  is shown in Figure  6.12 .   

Figure 6.10     A tandem probe conceptual design: (1) wedge receiver with (2) crystal 
assembly, (3) acoustic and electric insulators, (4) wedge transmitter with (5) crystal 
assembly.  
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Figure 6.11     An acoustic fi eld in a steel test object when an angle of incidence  α  is 
equal or close to the fi rst critical angle.  
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 For example, very small surface breaking fl aws can be detected by 
using “ creeping ”  waves. The longitudinal wave L, when it interacts 
with a crack tip, produces diffracted waves (L 1 ) and is very useful for 
crack depth sizing. The combination of S - L 2  - L 3  waves provides addi-
tional information about the crack size and serves as a fl aw reconstruc-
tion tool. It is practically convenient to use this terminology. In reality, 
a “ creeping ”  wave is a  “ portion ”  of an ultrasonic fi eld, generated by a 
probe with an incident angle close to the fi rst critical angle  [32, 33] . 

 The typical signals obtained by the abovementioned combination 
of waves are shown in Figure  6.13 A. Signal #l (A    ≈    33%) is from the 
tip of the notch (the position of the probe is not optimized to receive 
the signal of maximum amplitude). This signal is produced by the L - L 1
wave. Signal #2 (A    ≈    30%) is from the corner trap of the notch, pro-
duced by the “ creeping ”  wave. Signal #3 (A    ≈    127%) is produced by 
the combination of S - L 2  - L 3  waves. The maximum signal amplitude 
(signal #1, A    ≈    55%) from the notch tip is shown in Figure  6.13 B at 
the optimized position of the probe. The best method for crack sizing 
is to measure TOF between the initial and tip diffraction signals.   

 If a not deep crack is initiated from the scanning surface, the picture 
is quite different and the signals are produced by the waves shown in 
Figure  6.14 . The combination of L - L 1  waves is responsible for a strong 

Figure 6.13     Typical signals produced by a tandem probe in the vicinity of a crack, 
initiated from a test object opposite surface.  
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tip diffraction signal. A  “ creeping ”  wave can produce a signal from the 
crack’ s face. It is possible to receive a second tip diffraction signal from 
S - S or S - L 2  waves if the crack is deep enough. A typical tip diffraction 
signal (#1) produced by the Tandem probe in a 25 - mm thick plate from 
a notch 12.5   mm deep, initiated from scanning surface, is shown in 
Figure  6.15 .    

6.4.2. Examples of Tandem Probe Design 

 There are two ways to calculate wedges for Tandem probes. The fi rst 
way is to specify the wedge angles for the transmitter and receiver and 

Figure 6.14     Waves in the vicinity of a crack, initiated from a scanning surface.  
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Figure 6.15     Typical signals produced by a tandem probe in the vicinity of a crack, 
initiated from scanning surface (signal 1 is from the crack ’ s tip).  
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then determine the depth of the crack, which will produce the tip dif-
fraction signal of maximum amplitude by L - L 1  waves. If the refracted 
angles βT  and  βR  along with the distance 2 c  are given (Figure  6.16 ), 
then

    α β β= −T R     (6.15)    

b = −90 βT     (6.16)  

    M cT
R= 2

sin

sin

β
α

    (6.17)  

h MT T= ×cos β     (6.18)   

 An example of the calculation is presented below for a probe with the 
following parameters:

   the refracted angle of the transmitter —βT     =    70 °

  the  “ refracted ”  angle of the receiver —βR     =    45 °

  the distance 2 c— 17   mm   

    a = − = °70 45 25

    b = − = °90 70 20

    MT = =17
45

25
28 45

sin

sin
. mm

    h = =28 45 70 9 73. cos . mm

 The results of the experiments to confi rm this probe design are pre-
sented in Table  6.3  and partly for three  side - drilled holes  ( SDH ) in 

Figure 6.16     Sketch related to calculation of optimum wedges for a tandem probe.  
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Figure 6.17     Position of a tandem probe to measure refracted angles.  
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Table 6.3 

The Results of Experiments to Confi rm Tandem Probe Design 

  SDH depth, mm    2.5    5.0    7.5    10    12.5    15    17.5    20    22.5  

  Amplitude, %    40    52    74    80    70    56    42    32    26  

  TOF,  μ s    8.44    9.73    11.3    12.3    13.5    14.8    15.84    17.39    18.85  

  Distance X, mm    17.8    21.6    22.9    25.4    28    30.5    33.0    35.5    38.1  

  Refracted angle, 

β°T

  83    78    73    70    66    64    62    61    60  

Figure  6.17 . One can see that the maximum signal amplitude is from 
the SDH at the depth of 10   mm which is very close to the calculated 
data.     

 Distance X in this table is the distance between the exit point of 
the transmitter and the SDH. 

 The angles of rays in the refracted beam, which are refl ected from 
each of the holes, are different. The deeper the hole, the lower is the 
refracted ray ’ s angle of the transmitter beam that is involved in a tip 
diffraction wave generation (Figure  6.18 ).   

 At the same time, only a portion of the diffracted waves, close to 
the nominal “ refracted ”  angle of the receiver  βR  (Figure  6.16 ), will 
produce the signal with maximum amplitude from the refl ector at a 
given depth, with exception of the refl ectors very close to the front 
surface. Thus, to produce the maximum possible signal amplitude from 
a crack tip at the specifi ed depth, the  “ refracted ”  angle of the receiver 
has to be calculated. 

 The second way to design wedges is to specify the crack depth  h
to be measured and then to calculate the “ refracted” angle of the 
receiver and then the wedge angle. 
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 The metal path can be calculated as

    M
h

T
T

=
cos β

    (6.19)   

 The distance  x

    x M cT T= × −( ) −cos 90 2β     (6.20)   

 And the refracted angle of the receiver is

    βR
x

h
= arctan .     (6.21)   

 The waves which may be involved in the detection and sizing of cracks 
initiated from the scanning surface are shown in Figure  6.19 .   

 In the probe position A, the crack will be detected by the  “ creeping ”
wave C. No tip diffraction signal will be generated. In the position B, 
three not optimized signals will be visible: the signal from the crack 
wall generated by wave C, the tip diffraction signal that will be pro-
duced by L - L 1  wave, and a second tip diffraction signal by S - S wave. 
In the probe position C, the wave L - L 1  produces the optimized tip 

Figure 6.18     Dependence of refracted rays from depth of refl ectors.  
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diffraction signal, and the unoptimized tip diffraction signal is produced 
by S - S wave. In the probe position D, an unoptimized tip diffraction 
signal by L - L 1  is produced, as well as by S - S wave. The tip diffraction 
signals generated by L - L 1  (signal #1 with amplitude A    =    70%) and 
S - S wave (signal #2) when the probe is in position C are shown in 
Figure  6.20 .   

 The data from Table  6.3  were used to create the graphs 
presented in Figure  6.21 A – C. The fi rst graph shows the signal 

Figure 6.19     The waves which may be involved in detection and sizing cracks initiated 
from the scanning surface.  
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Figure 6.20     Tip diffraction signals produced by L - L 1  and S - S waves (position C in 
Figure  6.19 ).  
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amplitude dependence on the depth of SDH. The second graph 
shows the dependence of the distance from SDH to the exit point of 
the transmitter at the depth of the SDH to obtain the highest signal 
amplitude. The dependence is linear, which confi rms the regular 
shape of the transmitter fi eld. The third graph shows the TOF depen-
dence on the metal path, as a function of SDH depth. This dependence 
is also linear. All these graphs confi rm that the probe is designed 
correctly.   

 One of the Tandem probes application is described in Reference  34 .  

6.4.3. Gliding Diffracted Waves Technique 

 Sometimes, another type of diffracted waves, so - called gliding waves, 
is used in ultrasonic nondestructive testing (NDT). 

 When an oblique incident beam strikes a side - drilled hole, some of 
the rays, which are tangent to the hole surface (#1 in Figure  6.22 A) 
produce a “ band round waves. ”  These waves, in turn, produce the 
gliding diffracted waves (#2 in Figure  6.22 A). This technique can be 
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Figure 6.21     Continued.  
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134 CHAPTER 6 TOFD Method Application

used for detection of a crack located on the opposite side of the hole, 
which is not accessible for direct inspection. The band round waves 
and the gliding diffraction waves will be interrupted by the crack, and 
the signal, representing these waves on the screen, disappears. This 
indicates the presence of a crack located in a “ shadow ”  zone of the 
hole.   

 The presence of this signal also can be used for a hole 
diameter calculation by measuring the TOF of the band round wave. 
In this case, a tandem type probe generating a shear wave is recom-
mended. The refracted angle of the probe should be in the region of 
50°– 60 ° . The conceptual design of such probe is shown in Figure 
 6.22 B. 

 Like any other diffracted wave, the gliding diffraction waves are 
weak. Its signal amplitude depends on the hole diameter. Compared 
with a bulk wave refl ected signal amplitude from an SDH 12.7   mm in 
diameter, the gliding diffraction wave signal amplitude will be less by 
approximately 20 – 25   dB.     

Figure 6.22     Generation of gliding waves (A) and conceptual design of gliding wave 
probe (B). 1, Oblique beam; 2, Gliding diffraction waves.  
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  CHAPTER 7

Technique Development 

and Probe Design for 

Cylindrical Rod Inspection     

    7.1. BOUNDARY EFFECT 

 The ultrasonic inspection of a test object with a thick wall can be treated 
as an inspection of a semi - infi nite medium. In this case, the only pos-
sible cause for a beam propagation distortion is a refl ector located 
inside the volume, limited by the lobe ’ s boundaries (Figure  7.1 ).   

 This is the simplest example of an inspection, and the results 
obtained are easy to interpret. When the diameter of the lobe exceeds 
the dimension of the test object perpendicular to the beam propagation, 
the rays of the ultrasonic beam are confi ned by the test object walls, 
and the boundary effect will take place. It is known that the boundary 
effect produces mode conversion and beam rays redirection. These two 
phenomena will alter the normal beam propagation — the ultrasonic 
beam becomes guided . The interpretation of the inspection results 
becomes more complicated. 

 When the test object is a round cylinder with a relatively small 
diameter (in comparison to its length) and the wavelength is greater 
than the diameter of the rod, cylindrical rod waves  will be created with 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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136 CHAPTER 7 Cylindrical Rod Inspection

Figure 7.1     Main lobe of a straight beam transducer in a semi - infi nite medium.  

Straight beam transducer

Main lobe

Semi-infinite medium

Reflector

bar wave  velocity, which is dispersive  [9] . In a rod with larger diameter 
(more than several wavelengths) the multiple L - wave refl ection and 
mode conversion will produce only a wave guide effect (Figure  7.2 A). 
A similar wave guide effect can be observed in bars of different shapes: 
square, rectangular, and so on.   

 If a transducer is located close to the test object wall (not necessary 
a cylindrical rod) at some distance c , the peripheral rays of the ultra-
sonic beam at the side of the wall can touch the wall (Figure  7.2 B). As 
a result, the direction of the rays propagation changes, and the phenom-
enon of mode conversion occurs. When the L - wave ray L at the angle 
φ  strikes the wall, the portion of the ultrasonic energy will be refl ected 
as an L - wave at the same angle, and the other portion will be converted 
into S - wave, which will propagate at an angle  β . These two phenomena 
will interfere with the normal propagation of the beam and create prob-
lems for fl aw detection in the wall region.  

7.2. SYMMETRIC AND ASYMMETRIC 
CYLINDRICAL ROD -GUIDED WAVES 

 Two cases will be discussed: symmetric and asymmetric cylindrical 
rod - guided waves, as shown in Figure  7.3 . It is possible that in both 
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7.2. Symmetric and Asymmetric Cylindrical Rod-Guided Waves 137

Figure 7.2     Illustration of wave guide effect in a cylindrical rod (A) and near a test 
object wall (B).  
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Figure 7.3     Beam propagation in a cylindrical rod: (A) symmetric and (B) asymmetric 
rod wave.  
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138 CHAPTER 7 Cylindrical Rod Inspection

cases, a portion of L - wave will propagate along the rod axis and refl ect 
from the bottom of the rod. The other portion of L - wave rays will strike 
the wall and the wave guide effect will take place.   

 To analyze the beam propagation, the beam divergent angles 
and the refl ected angles of the mode converted S - wave should be 
determined. The beam divergent angles, calculated according to the 
well - known formula (Eq.  7.1 ), are summarized in  Table    7.1  , along 
with the angle β  of mode converted S - wave, calculated according to 
Snell’ s law.   

 The divergent angle for the free fi eld at the level of  − 6   dB is

    ϕ =
×

arcsin K
V

f d
L     (7.1)   

 If the transducer is located at the center of the rod (Figure  7.3 A), the 
rod wave is symmetric. A screen capture of the signals from the sym-
metric rod waves refl ected from the bottom of the rod has typically 
distinguished characteristics (Figure  7.4 A, B).   

 Signal #1 here is from the back of the rod. Signals #2, 3, and 4 are 
the secondary signals created by the mode converted L - S waves. The 
distance t , or the time difference between each of the signals, is con-
stant. It can be calculated as follows (see Figure  7.3 ). 

 The time of fl ight (TOF) for mode converted S - wave is

    t
d

V
S

S

=
×cos

.
β

    (7.2)   

Table 7.1

Beam Divergent Angle  φ and Angle  β of Mode Converted S -wave

  Crystal     Angles, degree     Transducer frequency, MHz  

   diameter, mm     1.0     2.25     5.0     10.0  

  19     φ     12.3    5.4    2.44    1.22  
β     32.75    33.31    33.45    33.48  

  25.4     φ     9.2    4.1    1.8    0.9  
β     33.0    33.39    33.47    33.48  
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7.2. Symmetric and Asymmetric Cylindrical Rod-Guided Waves 139

 The TOF of the L - wave on distance L is

    t
d

V
L

L

= ×
×

tan

cos
,

β
ϕ

    (7.3)  

  where    d       is the rod diameter,  

   VS        is shear wave velocity,  

   VL        is longitudinal wave velocity.    

 The TOF  tS  has to be added to the total TOF, but TOF on the distance 
H has to be subtracted from it. The difference between these two times 
of fl ight is  t     =     tS     −     tL , 
 and

    t
d

C

d

V
d

V VS L S L

=
×

− ×
×

=
×

−
×

⎛
⎝⎜

⎞
⎠⎟cos

tan

cos cos

tan

cos
.

β
β

ϕ β
β

ϕ
1

    (7.4)   

Figure 7.4     Screen pattern of the symmetrical rod wave (A), screen capture of signals 
generated by the symmetrical (B) and the asymmetrical (C) rod waves.  
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140 CHAPTER 7 Cylindrical Rod Inspection

 For carbon and stainless steels, this difference in time is equivalent, 
approximately, to the time propagation of the distance equal to 0.7 d
 [35] . This formula can be used for the verifi cation and confi rmation of 
the existence of the rod - guided wave. 

 When the transducer is located at some distance from the rod ’ s 
centerline, the symmetry of the rod wave will be disturbed (Figure 
 7.3 B), along with its typical arrangement of signals (Figure  7.4 C), but 
the time differences between the signals will remain approximately 
the same. 

 Both rod - guided waves, symmetric and asymmetric, are useful for 
fl aw detection in long cylindrical objects: bolts, studs, shafts, and so 
on. The application of either one of the techniques depends on the test 
object geometry. The symmetric technique does not allow for distin-
guishing the position on the circumference where the detected refl ector 
is located and does not permit resolution of refl ections, if several of 
them are located in close proximity to each other in the same cross 
section of the rod. When this is a requirement, the asymmetric tech-
nique application is preferable. 

 A single straight beam transducer with a wear plate can be used to 
generate the rod waves. There are no special requirements for these 
transducers except for the damping and frequency. The bandwidth 
should not exceed 20 – 30%. As to the frequency selection, one should 
remember that any test object material is a frequency fi lter, especially 
a long test object. Thus, it makes no sense to use high frequency trans-
ducers. The practical solution is to perform Spectral Fourier Fast 
Transform (FFT) analysis of the refl ected signal from the back surface 
of the rod and to compare its center frequency to the nominal frequency 
of the transducer used. If the measured center frequency is less than 
one - half of the nominal transducer frequency, a different transducer 
should be used with its nominal frequency close to the measured fre-
quency of the previous transducer.  

7.3. TECHNIQUE DEVELOPMENT AND PROBE 
DESIGN FOR INSPECTION OF STEPPED SHAFT 

 As an example, confi guration of the shaft to be inspected has the geom-
etry of a long cylindrical rod with multiple changes in the diameter 
(Figure  7.5 ).   

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



7.3. Inspection of Stepped Shaft 141

 Any cracks would most likely be located in zone  L2  near the 
bottom of the shaft. The inspection should be performed from the 
top end of the shaft, which has the geometry shown in the same 
fi gure. At the center of the top end is a shallow hole, which restricts 
the inspection zone to a ring. Let us assume that the outside inspection 
diameter D  of the ring is 160   mm, and the diameter of the shallow hole 
d  is 100   mm. Thus, the width of the ring  W  is 30   mm. It restricts the 
transducer ’ s crystal diameter to a maximum of 25   mm. The distance 
between the shaft ’ s centerline and transducer center is in the range of 
r     ≅    65   mm. 

 So, the distance between the central ray of the ultrasonic beam and 
the shaft ’ s wall is small and, therefore, the boundary effect will infl u-
ence the ultrasonic beam propagation. The illustration of ray tracing in 
cylindrical rod of the same length as the stepped shaft is shown in 
Figure  7.6 .   

Figure 7.5     Simplifi ed geometry of the stepped shaft and a geometry of a shaft top 
surface.
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142 CHAPTER 7 Cylindrical Rod Inspection

 In this case, when the transducer is located at the distance  c  from 
the rod centerline, the possible tracing of a ray may be as follows:

1.     L - wave 1 to point  o  at the rod side, 
L - wave 2 from point  o  to the rod end,  

   L - wave 3 back to the top.

2.     L - wave 1 to point  o  at the rod side, 
    S - wave from point  o  to point  o1 ,  
   L - wave 4 from point  o1  to the rod end,  
   L - wave 5 back to transducer.    

3.     Direct L - wave from the transducer to the rod end and back to 
the top (not shown in Figure  7.6 ).    

 The routine calculation of TOF consists of the following steps:

   Step 1: Calculate the length of selected rays up to intersection with 
the rod surface or rod end (L1 ,  L2 ,  L3).

  Step 2: Calculate the metal path for each of the rays.  

  Step 3: Calculate TOF for each of the rays, and the total TOF.    

 An example of TOF calculation for a shaft with dimensions as illus-
trated in Figure  7.7  is presented below. A calculation is performed for 
a transducer 25.4   mm in diameter and a nominal frequency of 2.25   MHz. 
The results of this calculation, along with the measured data, are sum-
marized in  Table    7.2  .     

 Predicted geometrical refl ectors are 

  K1 — from the upper keyway,  

  A — from the shoulder,  

Figure 7.6     Example of ray tracing in a cylindrical rod.  
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7.3. Inspection of Stepped Shaft 143

  B — from the step,  

  K2 — from the lower keyway,  

  E1 and E2 — from the shaft end.    

 The signals from all these refl ectors can be used as reference signals 
to isolate a signal from a crack, the position of which is more likely to 
be between the refl ections B and K2. 

 It may be confusing to make an interpretation of the signals on a 
C - scan and B - scan, due to the fact that the refl ections may be caused 
by the rays located on both sides of the beam center line. For example, 
the refl ections from the upper keyway and lower keyway will be 180 °
apart. The refl ection from the crack will be shown at 180 °  apart from 
the transducer position.  

Figure 7.7     Simplifi ed sketch of the shaft to be inspected.  

Reflector K1 Reflector A Reflector B Reflector K2

Reflectors
E1
E2

2250
2300

2000
1800

1500

Table 7.2

Calculated and Measured TOF

   Distance to refl ector, mm     Calculated TOF,  μ s     Measured TOF,  μ s  

  2300    806.0    802.4  

  2250    785.0    781.6  

  2000    721    724.4  

  1800    655.0    657.6  

  1500    532.0    537.6  
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7.4. TECHNIQUE DEVELOPMENT AND PROBE 
DESIGN FOR STUD INSPECTION 

7.4.1. Stud Inspection from the Top Surface 

 Inspection of studs with two threaded ends (Figure  7.8 ) requires special 
attention to crack detection in the threaded zones. To make the stud 
inspection as sensitive as possible, a probe with two transducers should 
be used: the beam from the fi rst transducer will cover the upper zone 
of the stud L1 , and the second transducer beam will provide coverage 
of the lower threaded zone L2 . Such an arrangement permits the use of 
the fi rst transducer with the highest possible frequency and to extend 
the inspection range separately for each of the zones.   

 The screen presentation during the inspection is very handy. As an 
example, the screen capture in Figure  7.9  shows the signals from the 

Figure 7.8     Inspection zones of the stud and locations of the refl ectors.  

1 2

Probe 1 position

Probe 2 position

Notch #1 Notch #2 Notch #3 Notch #4

L L

Figure 7.9     Screen captures of signals: (A) fl aws in the upper threaded zone, (B) fl aws 
in the second zone of the stud.  
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7.4. Technique Development and Probe Design for Stud Inspection 145

refl ectors (notches) in the calibration standard, located in the zones as 
illustrated in Figure  7.8 .   

 The difference in the signal responses from the threaded and shank 
zones is helpful in crack detection and identifi cation. Refl ector #1 is 
located in the upper threaded zone (Figure  7.9 A) and is the higher 
amplitude signal in the area on the background of refl ections from the 
threads. Signal #2 is from the refl ector located at the thread to shank 
intersection (notch #2). Signal #3 is from the notch, located in the shank 
zone. Signal #4 is from the notch in the lower threaded zone, and 
fi nally, signal #5 is from the stud end. 

 An example of a probe design for stud inspection is shown below. 
Figure  7.10  illustrates the zones of the stud to be inspected. 
Circumferential cracks may occur in the upper and/or lower threaded 
zones as well as in the shank. The stud ’ s length is divided into two 
inspection zones L1  and  L2  and are inspected using two separate probes. 
The zone L1  begins at distance  H1  from the top, and zone  L2  starts at 
distance H2  from the top of the stud. The exit point of the fi rst probe 
will be located at point a at distance c , and the second probe exit point 
will be located at point b at distance c1  from the stud centerline.   

 The following is a probe design for the inspection of a stud with 
the following dimensions: length L    =    250   mm and diameter D    =    50   mm. 

 The dimensions for the fi rst inspection zone are:

    L1 47= mm

    H1 44= mm

    c = 13 0. mm

 The diameter of the crystal  d  and the wedge angle  αW  is to be 
calculated.

 Figure  7.11  shows schematically the fi rst inspection zone geometry. 
The calculation can be performed in the following sequence.   

 The angle  δ

    δ = = = °arctan arctan ,
H

c
1

0

44

12
74

 where

    c
D

c0
2

50

2
13 12= − = − = mm.
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 The length of the triangle side  A  is

    A
H= = =1 44

74
45 8

sin sin
.

δ
mm

 The angle  Δ     =    90    +     δ     =    90    +    74    =    164.0 ° . 
 Then the triangle side  C  is

    
C A L A L= + − × × ×( )

= + − × × ×( ) =

2
1
2

1

2 2

2

45 8 47 2 45 47 164 92 2

cos

. cos . .

Δ

mm

Figure 7.10     The zones of the stud to be inspected.  
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 The divergent angle  φ

    ϕ = ⎛
⎝⎜

⎞
⎠⎟

=
×

⎛
⎝⎜

⎞
⎠⎟

= °arcsin sin arcsin sin
.

.Δ L

C
1

2
164

47

2 92 2
4 0

 The crystal diameter  d  can be calculated as

    d K
V

f
L=
×

=
×

=
sin

.
.

sin
. ,

ϕ
0 7

5 85

4 5
11 74 mm

  where    f          =    5.0   MHz is the transducer frequency,  

   VL          =    5.85   mm/ μ s is the L - wave velocity in steel.    

 A crystal diameter of 12.0   mm is acceptable. 
 The refracted angle  β  is

    β δ ϕ= − + = − − = °90 90 74 4 12( ) .

 And fi nally, the wedge angle  α  is

    α β= ⎛
⎝⎜

⎞
⎠⎟

= ⎛
⎝⎜

⎞
⎠⎟

= °arcsin sin arcsin sin
.

.
. ,

V

V
W

L

12
2 735

5 85
5 58

 where  VW     =    2.735   mm/ μ s is the wave velocity in the Plexiglas wedge. 

Figure 7.11     The stud fi rst inspection zone parameters.  
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148 CHAPTER 7 Cylindrical Rod Inspection

 The parameters for the second probe can be calculated in the same 
manner as for the fi rst probe. 

 The conceptual design of the duplex probe is shown in Figure  7.12 .   
 To perform the stud inspection, the probe should be positioned on 

the top of the stud in the holding fi xture and rotated 360 °  to cover the 
entire volume of the stud to be inspected.  

7.4.2. Stud Inspection from a Center -Drilled Bore 

 The guided wave technique for cylindric rod inspection produces reli-
able results when applied to studs with a relatively good outside surface 
condition. When the stud is severely corroded, this technique does not 
produce reliable results. In Figure  7.13 A, a severely corroded stud is 
shown. This corrosion damage was not detected by an examination 
from the top surface of the stud. The corroded zone becomes a trap for 
an ultrasonic beam, as schematically shown in Figure  7.13 B.   

 If the stud has a center - drilled bore, it is better to use conventional 
straight or angle beam techniques, applying the probe from the bore 
side. It makes the stud inspection not only more reliable, but also more 
sensitive. The probe design can vary depending on the inspection 
requirements, but the technique basics remain the same. The straight 

Figure 7.12     Duplex probe conceptual design: (1) transducer for the fi rst zone 
inspection, (2) transducer for the second zone inspection, (3) a wedge.  

123
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7.4. Technique Development and Probe Design for Stud Inspection 149

beam technique can be used for mapping corrosion on the outside stud 
surface. The angle beam technique can be used for the detection and 
sizing of cracks that are located on the outer stud surface and oriented 
in the circumferential direction. 

 Especially important, and at the same time challenging, is to detect 
cracks in the threaded zones. One of the probes designed for stud 
inspection from the bore side is shown in Figure  7.14 .   

 The same angle beam probe can be utilized as either pulse – echo or 
shadow techniques, as illustrated in Figure  7.15 .   

 At the probe position A in the shank zone, the refl ection from crack 
a has a usual pattern (pulse – echo technique). The typical pattern of the 
refl ections from the threaded zone (probe position B) consist of signals 
with different amplitudes (seven signals are shown). The central portion 
of the beam (ray 4) produces the highest signal. These signals are the 

Figure 7.13     Severely corroded stud (A) and corroded zone trap (B).  

(B)(A)
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150 CHAPTER 7 Cylindrical Rod Inspection

background noise  from which the useful signal from crack b should be 
differentiated when the probe is in position C. 

 In order to obtain reliable inspection results, the signal - to - noise 
ratio should be at least 2 to 1. However, it is very diffi cult to achieve 
this ratio by a positive signal, which is the signal above the noise level. 
It is more reliable to choose a negative signal, which is the signal below 
the noise level. For example, in the case when the crack b  is located 
in the valley of the thread (thread #4), a portion of the ultrasonic beam 
will not penetrate through the crack, and threads #2 and #3 will be in 
the shadow . The signal ’ s amplitude from thread #4 will have slightly 
higher amplitude, but the signal ’ s amplitude from threads #2 and #3 
will be drastically reduced. This is a reliable indication of the presence 
of a crack. The screen captures at the two probe positions B and C, are 
shown in Figure  7.15 D, E. 

 Several probe designs can be employed: single straight and 
angle beam immersion transducers, or a mirror system, depending 
on the bore diameter, number of transducers, and the inspection 
requirements.

 The design of the mirror system requires special attention. The 
system can consist of from at least one mirror M and one transducer T 
(Figure  7.16 ). The mirror directs the ultrasonic beam at the desirable 
angle of incidence α . Sketch 1 illustrates the direction of the straight 
beam. Sketch 2 illustrates the direction of the aft oriented angle beam, 
and sketch 3 illustrates the direction of the forward oriented angle 
beam. Only the central rays of the beams in the plane of incidence are 
shown in the Figure  7.16  sketches.   

 The mirror angle  αM  (Figure  7.17 ) can be calculated as

    α α
M = ±90

2
,     (7.5)     

 where  α  is the angle of incidence. 

Figure 7.14     Example of probe design for a stud inspection from the bore side. 
Reprinted by permission of Westinghouse Electric Company LLC.  
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Figure 7.15     Position of the probe and signals from refl ectors: (A) in the shank zone 
with crack, (B) in the threaded zone without crack, (C) in the threaded zone with crack. a, 
a crack in the shank zone; b, a crack in the threaded zone. Screen captures: (D) no crack, 
(E) crack in threaded zone.  
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 The sign  “–”  applies to the aft oriented angle beam mirror system, 
and the sign “+”  to the forward oriented angle beam mirror system. 

 The angle of incidence as usual is

    α β= arcsin
V

V
W

M

    (7.6)  

  where:    β       is given refracted angle in the test object,  

   VW       is sound velocity in water,  

   VM       is sound velocity in test object material.    

 The sketch in Figure  7.17  represents the beam central rays in the 
plane of incidence. The ray ’ s direction in the plane of incidence and 
perpendicular to the incident plane are shown in Figure  7.18 A for 
the straight beam. Circle D is the projection of the crystal diameter 
on the mirror face. The bore surface of the stud acts as a cylindrical 
focusing lens. The section A - A in Figure  7.18 A shows the direction of 
the rays from three points of the strip L of the fl at mirror. Ray 1 will 
not refract. Rays 2 and 3 will refract into the stud body at different 

Figure 7.16     Directions of ultrasonic beams refl ected from mirrors: (1) a straight beam, 
(2) a back oriented angle beam, (3) a forward oriented angle beam. M, mirror; 
T, transducer.  
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Figure 7.17     A mirror angle calculation for detection of a circumferential crack.  
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7.4. Technique Development and Probe Design for Stud Inspection 153

angles, β  and  β1 . Ray 3, for example, intersects the central axis of the 
stud at distance h , which is a minor portion of the stud wall thickness 
to be inspected.   

 In many cases of stud or thick wall tube inspection, it is necessary 
to concentrate the ultrasonic energy at a specifi ed distance of the stud 
or tube wall in order to increase the detection sensitivity. This can be 
achieved by profi ling the mirror. 

 For example, a convex mirror increases the distance of the rays ’
intersection (Figure  7.18 B). By calculating the mirror radius, it is pos-
sible to achieve the desirable distance H . 

Figure 7.18     Comparison of refl ections from fl at (A) and curved mirrors (B).  
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154 CHAPTER 7 Cylindrical Rod Inspection

 To calculate the distance  H , it is practical to arbitrarily prescribe 
the mirror radius Rg , then calculate  Rm  (Figure  7.19 ). The profi le of the 
mirror at any section is an ellipse with dimensions 2a    =    2  Rg  and 2b    =    2 
Rg  cos  αM . To simplify the fabrication of the mirror, the ellipse can be 
substituted by a circle. As a good approximation, this circle radius 
Rm     =    2b (Figure  7.20 ). 

 At this time, the angle of the mirror  αM  and a point on the mirror 
for which the ray tracing has to be performed should be chosen. The 
diagram for ray tracing is shown in Figure  7.21 .   

 Now assume that the ray tracing starts from the point 0 3  at the 
distance d /4 from the center line of the mirror ( d  is diameter of the 

Figure 7.19     Relative positions of a convex mirror and a transducer in a stud bore.  
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Figure 7.20     Profi le of the mirror at a section of 45 °   (See Figure  7.19 ).   
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Figure 7.21     Ray tracing refl ected from a curved mirror.  
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156 CHAPTER 7 Cylindrical Rod Inspection

crystal). If the incoming ray A strikes the mirror at point 0 3 , the angle 
ϕ  is

    φ = arctan .
d

Rm4
    (7.7)   

 The refracted ray B from the mirror strikes the inside surface of the 
tube also at the angle ϕ  at point 0 5 . The angles to be calculated are  γ , 
θ ,  α , and fi nally  β . To determine the angle  γ , let us assume that 
03 0 5     =    0 2 0 5     =     R . 

 Then,

    0 0
4 2

1 3 = d

sin
.

φ
    (7.8)   

 As a fi rst approximation, the length 0 1 0 5     =    0 1 0 3     +     R . The distance 
04 0 5  is

    0 0 0 0 24 5 1 5= ×sin .φ

 So, the angle  γ  is

    γ = arcsin .
0 04 5

R
    (7.9)   

 Then the angle  θ  is

    θ =
−

arctan ,
0 0

4
0 0

4 5

5 7

d

    (7.10)   

 where 0 5 0 7     =     R     ×    cos    γ . 
 And then  α     =     γ     −     θ . 
 Finally,

    β α= ⎛
⎝⎜

⎞
⎠⎟

arcsin sin .
V

V
M

W

    (7.11)   

 The next step is to determine the intersection point of the refracted ray 
with the axes, which is the distance H . To do this, the following angles 
have to be calculated:
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γ γ1 90= − ,

    β γ β1 90= − − ,

    γ β3 190= − .

 And fi nally

    H R= − −( )0 0
14 5

3tan
cos .

γ
γ     (7.12)   

 The point 0 7  is at the intersection of the refracted ray with the tube axis. 
As an example, calculation was performed for the tube with wall thick-
ness T . The distance  H  has to be slightly less than  T . One can see that 
this requirement is met. This proves that the curvature of the mirror 
was calculated correctly.   

7.5. NOTCH DIMENSION CALCULATION 
FOR STUD CALIBRATION STANDARDS 

 As is well known, the system for any ultrasonic test shall be calibrated. 
For bolt and stud inspection, circumferentially oriented refl ectors as 
notches shall be machined in the threaded zones of the calibration 
standards. Requirements for the dimension of the notches are specifi ed 
in appropriate documentation. 

 Three types of notch refl ectors are practically applicable in the stud 
calibration standards. They are segment (A), ring sector (B), and 
“ Lentil ”  (C) as shown in Figure  7.22 .   

 For a given outside radius  R  of a stud, two parameters of the notch 
are specifi ed: the maximum depth  T  and maximum area  S . Occasionally, 
the shape of the notch is also specifi ed. 

 The length of the notch 2L needs to be calculated, and for the  Lentil
notch, the radius of the cutter as well. 

A. Segment notch parameter calculation
 The segment notch area can be calculated as the difference between 

the area of the sector and area of triangle.

    S S SSEG SEC TR= − .     (7.13)  
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    S
R

L R TSEG = − −( )π α
2

180
.     (7.14)   

 The half of the sector angle

    α = arcsin .
L

R

 The dimension  L  equals

    L T R T= −( )2 .

B. Ring sector notch parameter calculation
 For this notch refl ector, the central angle 2 α  should be calculated 

fi rst for given  S  and  T :

    2
360
2

α
π

= ×
− −( )[ ]

S

R R T
.     (7.15)   

 And then the length of the notch is

    2
2

L R= ×sin .
α

    (7.16)   

Figure 7.22     Shape of the notches for studs calibration standards: (1) a segment, (2) a 
ring sector, (3) a lentil.  
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7.5. Notch Dimension Calculation for Stud Calibration Standards 159

C.  “ Lentil ”  notch parameter calculation
 In this case, the depth of the notch area has to be divided into two 

segments with heights h1  and  h2

    T h h= +1 2.

 To determine the length of the notch, the following equation can be 
used:

    2
3

2
L

S

T
=

×
×
∑ ,     (7.17)   

 where

    S S S∑ = +1 2,

    S L h1 1
2

3
2≅ × ,

    S L h2 2
2

3
2≅ × ,

    S L T∑ = ×2

3
2 .

 The height of each segment of the notch can be determined as

    h R R L1
2 2= ± −( )

    h T h2 1= −

 And fi nally, the radius of the cutter is

    r
L h

h
= +

×

2
2
2

22
.     (7.18)   

Examples of calculations
 As an example, let us calculate the notch parameters for a 6.0 - in. 

diameter stud. According to ASME Code Section XI, Appendix VIII, 
2007 Edition, two parameters are specifi ed: the maximum notch depth 
and the maximum notch refl ective area. For example, for a stud greater 
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160 CHAPTER 7 Cylindrical Rod Inspection

than 4.0   in. in diameter, the maximum notch dimensions are depth 
T     =    0.157   in. and area  S     =    0.059sq in. The shape of the notch is not 
specifi ed. The specifi ed notch dimensions in ASME Code are pre-
sented in English Units; therefore, the calculation shown below is in 
the same units. 

 (a) Segment notch parameter calculation 
 To calculate the segment notch area for the maximum notch depth 

T     =    0.157   in.

    L = × −( ) =0 157 2 3 00 0 157 0 958. . . . .in

    α = = °arcsin
.

.
.

0 958

3 00
18 62

SSEG = − −( ) =π3 00

180
18 62 0 958 3 00 0 157 0 200

2.
. . . . . .sq in

 This area far exceeds the maximum allowable area. 
 Thus, the depth of the notch should be reduced and the calcula-

tion repeated by the trial - and - error method up to the point where 
SSEG     =    0.059 sq in. 

 The calculation shows that the maximum allowable notch area has 
to be at T     =    0.07   in. At this depth, the length of the notch is 1.289   in. 

 The typical ratio 2L/ T  for a fatigue crack is from 3 to 5. For this 
notch, the ratio is 18.4, and thus the shape of the notch cannot represent 
a fatigue crack. 

 (b) Ring sector notch parameter calculation 
 The central angle is

    2
360 360 0 059

3 3 0 157
7 38

2 2 2α
π π

= ×
− −( )[ ] = ×

− −( )⎡⎣ ⎤⎦
= °S

R R T

.

.
. .

 The notch length

    2 2 3 7 38 0 385L R= × = × =sin sin . . .α in

 The ratio of the notch length to the depth is

    ρ = = =2 0 385

0 157
2 45

L

T

.

.
. .

 The ratio and the shape of this notch cannot represent a fatigue crack 
either. 
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 (c).  “ Lentil ”  notch parameter calculation 
 The length of the notch is (Figure  7.23 )

    2
3

2

3 0 059

2 0 157
0 564L

S

T
=

×
×

= ×
×

=∑ .

.
. .in

 The height of each segment is

    h R R L1
2 2 2 23 3 0 282 0 0133= ± −( ) = ± + =. . .in

    h T h2 1 0 157 0 0133 0 1437= − = − =. . . .in

 Now the radius of the cutter (to machine the notch) can be determined 
as

    r
L h

h
= +

×
= +

×
=

2
2
2

2

2 2

2

0 282 0 1437

2 0 1437
0 384

. .

.
. .in

 The ratio of length to depth is

    ρ = = =2 0 564

0 157
3 6

L

T

.

.
. .

Figure 7.23     Diagram related to  “ Lentil ”  notch area calculation.  
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162 CHAPTER 7 Cylindrical Rod Inspection

 The shape and ratio 2L/ T  of the  Lentil  notch represents a fatigue crack 
much better than the other two notches. 

 Figure  7.24  shows the real shapes and dimensions of the all three 
notches.      

Figure 7.24     Real shape and calculated dimensions of the notches.  
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  CHAPTER 8

Technique Development 

and Probe Design for 

Hollow Cylinder 

Inspection    

    8.1. LAMB WAVE GENERATION 

 An ultrasonic inspection of a test object with a thick wall can be treated 
as an inspection of a semi - infi nite medium. In this case, as it was men-
tioned in Chapter 7, the only possible cause of beam propagation distor-
tion is a refl ector located inside the beam lobe ’ s volume, limited by its 
borders (Figure  8.1 ).   

 When the volume of the lobe exceeds the volume or thickness of 
the test object, the rays of the ultrasonic beam are confi ned by the 
object ’ s walls, and the boundary effect will take place. As is known, 
the boundary effect causes mode conversion and beam redirection. 
These two phenomena will interfere with the normal propagation of the 
beam and the ultrasonic beam becomes guided . 

 An example of what happens with an angle beam propagation in a 
fl at plate when its wall thickness is decreased is shown in Figure  8.2 .   

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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164 CHAPTER 8 Hollow Cylinder Inspection

 When the wall thickness is much greater than the wavelength 
(T    >>     λ ) (Figure  8.2 A), the beam will propagate in a zigzag path, and 
the mode will not change. In instances where the wall thickness is 
t    ≅    (3 – 4)  λ , a new phenomenon will be observed —plate  or  Lamb
waves can be generated (Figure  8.2 B). Lamb waves are one of a variety 
of guided waves . 

 Approximately, a similar but more complicated phenomenon will 
occur during ultrasonic wave propagation in thin wall tubing: axially 

Figure 8.1     An angle beam probe main lobe position in a semi - infi nite medium.  
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Crack
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Figure 8.2     Illustration of beam propagation change when the wall thickness decreases: 
(A) thick wall, (B) thin wall. 
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8.1. Lamb Wave Generation 165

symmetric and non - axially symmetric  Lamb - type  modes may be 
created.

 Lamb waves are defi ned as the  elastic vibration propagating in a 
solid plate with free boundaries for which displacement occurs both in 
the direction of wave propagation and perpendicularly to the plane of 
the plate   [13] . 

 To distinguish waves in a plate from waves in a hollow cylinder, 
the latter can be named Lamb - type guided waves . 

 In order to design probes for Lamb - type guided wave generation 
in a hollow cylinder, it is necessary to know, in some detail, conditions 
for the formation and propagation of ultrasonic waves in thin plates. 
An effective way of generating Lamb waves is by using the same type 
of angle beam probes as for bulk wave generation, but with specifi c 
angles of incidence and size of crystals. 

 Propagation of ultrasonic waves in thin plates is completely differ-
ent from propagation of bulk waves in thick plates. The defi nition of a 
thin and a thick plate for Lamb wave application is stricter than in the 
case of bulk waves. A thin plate can be defi ned as a plate with the 
thicknesses commensurable with the wavelength. Thick plates, by defi -
nition, have thickness much greater than the wavelength. 

 The best application for Lamb waves is for the inspection of plates 
(or tubes) with thicknesses ranging from 0.10 to 5.0   mm with the trans-
ducer frequency varying from 1.0 to 10   MHz. The height of a crack 
that can be detected is approximately 30% of the plate thickness for 
thinner plates (0.2   mm) and 5% for thicker plates (up to  ≈ 5   mm). 

 In general, the transformation from bulk waves to Lamb waves 
occurs due to the refl ection and mode conversion inside the thin plate. 
In a very simplifi ed case, the condition for the formation of Lamb 
waves can be illustrated by substituting a solid plate with a liquid layer 
or thin fi lm. In this case, only a longitudinal wave will propagate in the 
layer, and no mode conversion will occur  [3] . 

 Let us assume that an incident plane wave with a front AB at an 
angle of incidence α  strikes the surface of the liquid layer with a thick-
ness d  (Figure  8.3 ). The refracted wave with a front CD at an angle  β
will propagate in the layer and will be repeatedly refl ected from the 
layer ’ s boundaries. Under a certain angle of incidence, the wave 
refl ected from the back surface of the layer will be in phase with the 
incident wave. This is the condition where  “ Lamb waves ”  are created 
in a liquid layer as well as in the thin solid plate.   
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166 CHAPTER 8 Hollow Cylinder Inspection

 In order to fi nd the phase differences between the incident and the 
refracted waves, it is necessary to calculate differences in their paths. 

 In Figure  8.3 , AE    =    ED    =    FE. The angles marked by  β  are equal. 
 The path from point A to point D by the refracted wave is equal to

    AED = 2d

cos
,

β
    (8.1)   

 which is obvious from triangle AEF. 
 The path AC is

    AC = × ×2d tan sin .β β     (8.2)   

 The condition for the incident and the refracted waves to be in 
phase is

    
AED AC

λ λ2 2

− = n.     (8.3)   

 Substitute AED and AC from Equations  8.1  and  8.2  into Equation  8.3 ,

    
1 2 2

2λ
β β

β
d d

n
− × ×( )⎡

⎣⎢
⎤
⎦⎥

=
tan sin

cos
,     (8.4)  

Figure 8.3     Formation of  “ Lamb waves ”  in a liquid layer.  
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8.1. Lamb Wave Generation 167

  where    λ2       is the wavelength in the liquid layer,  

   n     =    1,2,3 …       is the number which represents the phase lag.    

 Substitute tan    β  and sin    β  by cos    β , Equation  8.4  can be rewritten as

    
2

2

d
n

× =cos
.

β
λ

    (8.5)   

 Thus, the angle at which the incident and the refracted waves will be 
in phase is

    β λ= arccos .2

2d
n     (8.6)   

 Replacing wavelength  λ  with wave velocity  V2  and frequency  f  as 
λ2     =     V2 / f  we will obtain

    
2

2

d f

V
n

× × =cos
.

β
    (8.7)   

 By solving the equation against the wave velocity, it becomes clear that 
the wave velocity in the thin liquid layer depends on its thickness, 
frequency, and the refracted angle of the probe:

    V d f
n

2 2
1= × × cos .β     (8.8)   

 This is in general agreement with Lamb wave propagation in a solid 
thin plate. 

8.1.1. Phase and Group Velocities 

 When Lamb waves propagate in a thin layer, two separate velocities of 
wave propagation should be considered: phase velocity  and  group 
velocity . In general terms, the velocity of the point of constant phase 
on the wave front is the phase velocity   Vph . The direction of  Vph  vector 
is perpendicular to the wave front. The  group velocity   Vgr  is the velocity 
of energy fl ow and is measured in the direction of beam propagation. 
The notation of the phase and group velocities is borrowed from physi-
cal optics. In the previous sections, when we considered a longitudinal 
or shear wave propagation, we did not distinguish between the 
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phase and the group velocities. This is due to the fact that in a thick, 
solid, acoustically isotropic material, these velocities of bulk waves are 
equal, independent of beam angle and constant for a given material. 

 This is not the case for Lamb waves. A plate, or, in our case, liquid 
layer, serves as a guide. The direction of  “ bulk ”  velocity  V  in the layer 
is along line O - A with wave front A - B (Figure  8.4 ). The phase and 
group velocities are measured along the x  - axis. When the low point of 
the wave front vector is at point A, the upper corner of the front will 
reach point B. So, at given time τ  the wave will propagate distance O - B 
with velocity Vph   .

 At the same time  τ  the energy front will move only from point O 
to point E with group velocity Vgr . So, the physical meaning of the 
group velocity can be described as follows: the wave front is moving 
along line O - A with velocity  V , but under angle  β  to the liquid layer 
(plate) surface, and undergoes multiple refl ections from the liquid layer 
(plate) boundaries; thus, the energy front relative to the plate surface 
moves with the group velocity. The phase and group velocities for the 
same liquid layer as mentioned above can be calculated by using the 
corresponding formulas: 

 The phase velocity is  Vph     =     V /sin    β  or because sin 2     β     =    1    −    cos 2     β ,

    V
V

ph =

− ⎛
⎝⎜

⎞
⎠⎟

1
2

2
2

n
d

λ
.     (8.9)   

Figure 8.4     Relationship between bulk  V , phase    Vph , and group    Vgr  velocities.  
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 The group velocity is  Vgr     =     V     ×    sin    β  or

    V Vgr = − ⎛
⎝⎜

⎞
⎠⎟

1
2

2
2

n
d

λ
.     (8.10)   

 Thus, the phase and group velocities depend on the plate thickness  d
and the wavelength λ2  of the refracted wave. 

 The phase velocity is approximately equal to the group velocity if 
the plate thickness is more than 10 wavelengths, that is d / λ2     ≥    10. 

 Dispersion of the velocities is one of the main characteristics of 
Lamb waves. In instances where d / λ     →     ∞ , that is, for a thick plate, the 
velocities tend to achieve velocity of bulk waves. 

 According to physical optics, the relation between phase and group 
velocities can be established by considering the groups formed by 
superposition of two (or more) waves with slightly different parame-
ters. For example, when two waves with slightly different frequencies 
f  and  f1  propagate in some medium, their interference leads to the cre-
ation of wave groups as illustrated in Figure  8.5 . At position A min , a 
group minimum amplitude (node of the wave) will exist, and at position 
Amax , a group maximum amplitude (crest) will exist. The resultant 
waves have an average wavelength, but the amplitude is modulated to 
form groups. The wavelength of the group is greater than the wave-
length of each of the original waves, but the velocity of the group 

Figure 8.5     Creation of the wave groups.  
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propagation is less. The relationship between phase and group veloci-
ties is

    V V
V

gr ph
ph= − λ
λ

d

d
,     (8.11)     

 where  λ  is actual wavelength in the medium. 
 Although this equation was derived for simple (sinusoidal) types 

of waves, it can be applied to more complicated wave types. It is also 
correct for frequencies in the ultrasonic diapason. 

 The energy fl ow is carried out by the wave group pockets and is 
represented by the group velocity. This velocity can be measured and 
therefore compared with the calculated group velocity. This can help 
in the identifi cation of the Lamb wave mode and also in the determina-
tion of the detected refl ector position.  

8.1.2. Lamb Wave Propagation Parameters 

 In case of a thin solid layer, the formation of Lamb waves is much more 
complicated due to the existence of shear waves and mode conversion. 
Consequently, the equations of the phase and the group velocities 
became complicated and unsuitable for hand calculations. 

 Lamb wave propagation parameters are given usually as a set of 
dispersion curves that present phase and group velocities of selected 
modes, along with angles of incidence, as a function of the product: 
transducer frequency by the plate thickness f     ×     d . The dispersion curves 
are calculated by using a special computer program. The plate material 
parameters, such as bulk velocities and densities, along with the same 
parameters of the wedge material, are the components used in the pro-
grams. The calculated dispersion parameters are very sensitive to these 
values, especially to the longitudinal and shear wave velocities of the 
test object and wedge materials. Their values should be measured on 
samples that represent the actual material of the test object and the 
wedge.

 To determine the correct wedge angle, it is necessary to use the 
measured values of the plate and the wedge material parameters to 
calculate the dispersion curves. However, the calculated parameters do 
not ensure the best results for generating the selected Lamb wave mode. 
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Practically, the parameters, especially the wedge angle, have to be veri-
fi ed experimentally by using a calibration standard. 

 Two separate graphs of the dispersion curves are shown in Figure 
 8.6  to determine the phase and group velocities (only several most 
usable modes are marked). The phase velocity value  Vph  is used for 
wedge (incident) angle calculation according to Snell ’ s law, as

    α = arcsin ,
V

V
w

ph

    (8.12)     

 where  Vw  is velocity in the wedge material. 
 Each curve on each graph represents one mode which is tradition-

ally marked by the letters A 0 , S 0 , A 1 , S 1 , and so on. The letter A is 
designated for asymmetric modes and the letter S for symmetric modes. 
The subscript 0  marks the lower modes that transform into surface wave 
when the plate thickness increases. The modes of higher orders, as 1st, 
2nd, and so on, arise under specifi c values  d / λ  for each of the modes. 
These values correspond to resonance vibrations of given thickness for 
longitudinal or shear waves. For example, the mode A 1  will arise start-
ing from the half wave resonance of the shear wave, and S 1  will arise 
starting from the half wave resonance of the longitudinal wave. These 
modes will transform into the shear waves when the plate thickness 
increases.

 Symmetric Lamb waves are named as such because the particle 
displacement is symmetrical relative to the neutral axis of a plate, and 
along this axis, the particles are vibrating only in the longitudinal direc-
tion. Lamb asymmetric waves are fl exural waves, and the particles 
along the neutral axis of a plate are vibrating strictly in the transverse 
direction.

 The procedure for angle of incidence determination is simple. For 
a given thickness of plate, only the frequency of a transducer has to be 
selected. On the graph of phase dispersion curves from the point on the 
abscissa axis, equal to the product of plate thickness by frequency, a 
perpendicular has to be drawn. This line will cross one or more of the 
dispersion curves, representing the Lamb wave ’ s modes that could be 
generated. Then, the chosen mode, and related to it, phase velocity, are 
the inputs to determine angle of incident. The wedge design process is 
similar to a wedge design for a surface wave wedge, with one exception 
related to the crystal diameter. As a rule of thumb, the crystal diameter 
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172 CHAPTER 8 Hollow Cylinder Inspection

Figure 8.6     Phase (A) and group (B) dispersion curves.  

6

5

4

3

2

1

0
0 1 2 3 4 5 6 7 8 9 10

G
ro

u
p
 v

e
lo

c
it
y,

 m
m

/μ
s

f × d, MHz∙mm

A0

S0

A1

S1

A2

S2

10

8

6

4

2

0
0 1 2 3 4 5 6 7 8 9 10

P
h
a
s
e
 v

e
lo

c
it
y,

 m
m

/μ
s

f × d, MHz∙mm

A0

S0

A1
S1

A2S2 S3 A3

(A)

(B)

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



8.1. Lamb Wave Generation 173

has to be at least from 3 to 4 times more than the plate thickness to be 
tested.

 In choosing the correct transducer frequency and the mode of 
propagation, several factors have to be considered. 

Mode of propagation  has to be at as low order as possible. The 
preferable modes are A 0 , S 0 , A 1 , S 1 . For crack detection, it is better to 
use the symmetric modes. The cracks on either free surface, scanning 
or opposite, will be detected at approximately the same sensitivity. So, 
Lamb wave inspection cannot distinguish at which surface of the plate 
the crack is located. 

 If possible, a zone of the phase velocity dispersion curve with a 
minimum slope should be chosen for selecting the mode. The phase 
velocity dispersion curve with a minimum slope indicates that the 
wedge angle is less critical, which is important for the wedge design. 
And vice versa, if the chosen portion of the curve is extremely steep, 
the wedge angle is very critical. In this case, deviation from a calculated 
angle of ± 1.0 °  can drastically reduce the amplitude of the refl ected 
signal or even cause a loss of mode. 

Transducer frequency  has to be as high as practically possible. 
Usually, this is in the range from 1.0 to 10   MHz depending on the plate 
thickness and the refl ector to be detected. The thinner the plate, the 
higher the frequency that should be selected, in order to remain in the 
range of the fi rst four mode orders. It is very important to use  actual
(not nominal ) transducer frequencies to calculate the product of wall 
thickness by frequency. Each transducer has to be evaluated before use. 
Interchangeable transducers must be fabricated with a very tight fre-
quency tolerance of not more than ± 2%. The bandwidth tolerance is 
not as critical as the frequency tolerance, but should be not more than 
± 5% of selected value. A gain tolerance of  ± 2   dB is acceptable. 

Selection of the Best Modes and Frequencies 

 The best modes for the detection of refl ectors in water - loaded test 
objects are mainly symmetric modes. According to Reference  13 ,  for
symmetric modes, when the phase velocity reaches the value of the 
velocity of bulk longitudinal waves, the vertical (normal to the sample 
surface) component of the displacement vector vanishes on the free 
surface . This means that the leaks of energy in water will be 
minimized.
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174 CHAPTER 8 Hollow Cylinder Inspection

 Based on this statement, the equation given in Reference  9  to cal-
culate the fd  parameter of the symmetric modes is

    fd
n V

V

V

S

S

L

= ×

− ⎛
⎝⎜

⎞
⎠⎟

1
2

    (8.13)  

  where:    n          =    number of mode,  

   VS          =    shear wave velocity, mm/ μ s  

   VL          =    longitudinal wave velocity equal to phase velocity  Vph , 
mm/μ s.    

 For a given wall thickness, the appropriate frequency can be cal-
culated as

    f
fd

d
= .     (8.14)   

 Then, the incident or wedge angle can be calculated according to 
Equation  8.12 .  

Lamb Wave Attenuation 

 One of the practical considerations for selecting the mode is its ability 
to propagate over a relatively long distance. Attenuation of Lamb waves 
is determined by two factors: absorption of energy in the material of 
the test object, as in any ultrasonic wave propagation, and due to 
leakage of energy in an environment, for example, in water surrounding 
a test object. The loss of energy in a material due to absorption is com-
paratively less than that attenuated due to leakage of energy in water, 
which depends on the relationship between the vertical and the longi-
tudinal displacement of the particle within the thickness of the plate. 
As an illustration, the dimensionless coeffi cient of attenuation vs.  fd
(leakage in water) is presented in Figure  8.7 .   

 Any  fd  parameter defi nes only one point on the attenuation curve. 
A minor change in this parameter can lead to a substantial increase or 
decrease in the coeffi cient of attenuation. 

 For example, for a 1.5   mm thick Inconel plate and a transducer 
frequency of 2.25   MHz ( fd  = 3.375), attenuation is practically zero for 
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8.1. Lamb Wave Generation 175

the S 1  mode propagation. But, for a transducer frequency of 1.80   MHz, 
the coeffi cient of attenuation rises sharply.  

Refl ected Signal Shape 

 The signal shape is an important parameter in the assessment of Lamb 
wave propagation. It characterizes that the selected mode is chosen 
correctly (or not correctly) for the given inspection conditions and that 
the probe frequency is coincident with test object wall thickness. The 
typical shape of “ good ”  signals is shown in Figure  8.8 . These signals 
are from the same refl ector, but at a different analog to digital (A/D) 
ratio. It is interesting to note that the signal comprises high frequency 
components. When the probe is moving relative to the refl ector, these 
oscillations travel over the signal apogee.   

 Technique development for the inspection of hollow cylinders 
using Lamb - type guided waves are based in many cases on the same 
principles that are used for Lamb wave generation. The propagation 
parameters specifi c for Lamb waves are also correct for Lamb - type 
guided waves. 

Figure 8.7     Dimensionless coeffi cient of attenuation.  
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176 CHAPTER 8 Hollow Cylinder Inspection

 In the following sections, technique development for the inspec-
tion of hollow cylinders will be discussed. Each of the sections is 
dedicated to different types of hollow cylinders, which have unique 
characteristics.    

8.2. TECHNIQUE DEVELOPMENT AND PROBE 
DESIGN FOR THE INSPECTION OF HOLLOW 
CYLINDERS FROM THE INSIDE SURFACE 

8.2.1. Test Object Description and 
Inspection Consideration 

 One of the fi rst applications of Lamb - type guided waves was used 
in  steam generator tubing  ( SGT ) inspection of the type generally 
used in nuclear power plants and other power generating facilities. In 
nuclear power plants, for example, the tube diameters range from 16 
to 25   mm with wall thickness in the range of 1.0 to 1.5   mm. These 
tubes are perfect candidates for inspection using Lamb - type guided 
waves.

Figure 8.8     Typical shape of Lamb wave refl ected signal.  
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8.2. Inspection of Hollow Cylinders from the Inside Surface 177

 Mathematically, tubing is treated as a thin hollow circular cylinder 
with the ratio of average wall thickness h  to a mean radius  r  of much 
less than the unit h/r     <<    1. 

 Assume that the average mean radius for the SGT is 10   mm with 
an average wall thickness of 1.25   mm, so 1.25/10    =    0.125. This com-
plies with the defi nition of a thin hollow circular cylinder. 

 One of the steam generator designs uses vertically mounted tubing 
assembled in bundles of several hundred or even a thousand tubes with 
a ∩  - bend on the top. The lower ends of each tube are expended in a 
tube sheet. Several plates support the tube bundles along their length. 
The distance between tubes is in the range of 3 to 6   mm. 

 SGT degradation is divided in two broad categories: chemical cor-
rosion and mechanical degradation. Corrosion degradation includes 
thinning, pitting, stress - corrosion cracking and intergranular attack/
stress - corrosion cracking. Mechanical degradation includes wear, 
fatigue, and erosion - corrosion. 

 The primary test method used in SGT so far is eddy current. An 
eddy current probe is placed inside the tube and rotated providing a 
helical scan with a small pitch, to inspect the tube wall. Interfering 
signals can exist due to possible tube deformation during the installa-
tion and expansion process at the tube sheet, as well as for deposits on 
the tube walls that can be either magnetic or conductive. 

 As an alternative method, Lamb - type guided wave inspection is 
used to overcome the problems associated with the false positive indi-
cations from sludge and other issues caused by the tube expansion in 
the transition region. 

 Similar to the case of eddy current inspection, the ultrasonic probe 
should be inserted inside the tube. One of the expected problems for 
ultrasonic wave propagation over a relatively long distance is the exis-
tence of water outside the tubes. 

 SGT can be inspected with Lamb - type guided waves, both axisym-
metric and non - axisymmetric. The axisymmetric waves cover the full 
circumference of the cylinder (i.e., cylindrically guided). Non -
 axisymmetric waves are localized and travel in a double spiral pattern 
along the hollow cylinder. Although the structure of axisymmetric 
waves is preferable, a real crack will produce a refl ected wave that is 
non - axisymmetric. Therefore, from a practical point of view, the 
advantage of generating axisymmetric waves is questionable. On the 
other hand, the wave structure of non - axisymmetric waves is more 
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178 CHAPTER 8 Hollow Cylinder Inspection

complicated, and the energy distribution in particular sections along the 
cylinder is variable. 

 Wave propagation in a thin wall hollow cylinder is more compli-
cated than in a plate  [36] . Three different wave modes need to be 
considered: longitudinal, torsional, and fl exural. The notation of these 
modes is:

•      L(0,m) — for longitudinal modes,  
•      T(0,m) — for torsion modes, and  

•      F(0,m) — for fl exural modes.    

 These notations are less familiar among practitioners than the notations 
used in the Lamb wave description, such as A n  or S n . The dispersion 
curves for L(0,m) modes correspond to those of Lamb wave modes. 
The phase velocities of longitudinal modes are primarily determined 
by the hollow cylinder ’ s wall thickness and diameter. It was shown that 
in the case of when h/r     <<    1, the dispersion curves for Lamb waves in 
thin plate are practically not distinguishable from the dispersion curves 
for a thin wall hollow cylinder, particularly in the most usable region 
of the product fd     ≥    1. This means that one can use either of the two 
sets of dispersion curves, calculated for thin plate or for thin wall 
hollow cylinders. The program designed to calculate dispersion curves 
in hollow cylinders provides good results for cylinders with diameters 
of approximately 6.0   mm and up. 

 The best modes and frequencies to be calculated for symmetric 
modes are indicated by Equation  8.13 . If the longitudinal wave velocity 
VL  is equal to the phase velocity  Vph , no leakage in water is expected. 
This equation can be used to assess the possibility of leakage for given 
bulk velocities. For example, for Inconel with velocities VS     =    3.1   mm/ μ s 
and VL     =    5.66   mm/ μ s, the best frequencies are as follows: 

 For S 1  mode,

    
fd = ×

− ⎛
⎝⎜

⎞
⎠⎟

=1 3 10

1
3 10
5 66

3 71
2

.

.

.

. /mm sμ
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 For a given wall thickness of 1.22   mm, the appropriate frequency can 
be calculated as

    f
fd

d
= = =3 71

1 22
3 04

.

.
. .MHz

 For S 2  mode,

    
fd = ×

− ⎛
⎝⎜

⎞
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=2 3 10

1
3 10
5 66

7 41
2

.

.

.

. /mm sμ

    f
fd

d
= = =7 41

1 22
6 07

.

.
. .MHz

 The incident or wedge angle can be calculated according to Equation 
 8.12 . 

 With these parameters, one can expect a minimum energy leakage 
in water. Particle displacement calculation in wall thickness confi rms 
this statement. For example, normalized particle displacement for S 1
mode in Inconel with a wall thickness of 1.22   mm is shown in Figure 
 8.9 . The out - of - plane displacement, that is, particle displacement 

Figure 8.9     Normalized particle displacement: S 1  mode, the wall thickness 1.22   mm.  
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180 CHAPTER 8 Hollow Cylinder Inspection

perpendicular to the sample surfaces (dotted line), is practically zero 
on both sides of the sample wall. The in - plane displacement, that is, 
particle displacement parallel to the tube surfaces (solid line), reaches 
its maximum on both sides of the tube wall and its minimum in the 
middle of the tube wall thickness. This is the best combination of par-
ticle displacement possible for water - loaded hollow cylinder.   

 The calculated frequencies of 3.04   MHz and 6.07   MHz are not 
commonly used by transducer manufacturers. Let us add another 
parameter fd     =    5    ×    1.22    =    6.1   MHz   mm for the common frequency of 
5.0   MHz to extend the choice of phase velocities and wedge angles. 

 The phase velocity dispersion curves for selected  fd  parameters are 
shown in Figure  8.10 A, B. The obtained data from these curves, along 
with calculated wedge angles, are summarized in Table  8.1 .     

 The next step in the technique development and the probe design 
is to fabricate wedges with selected angles, inspect tube test samples 
in the dry and water - loaded conditions, and fi nally select the best per-
forming probes. 

 One of the advantages of Lamb - type guided waves is their ability 
to propagate over long distances. For example, in SGT not loaded by 
water (dry tubes), these waves can extend for many feet, including 
around a ∩  - bend. This phenomenon is very desirable to save inspection 
time. The problem is the decrease in sensitivity for the detection of 

Table 8.1 
Phase Velocities and Wedge Angles for Selected Modes 

   Parameter  fd , 
MHz· mm  

   Phase velocities mm/ μ s for modes  

   A 0      S 0      A 1      S 1      A 2      S 2

  3.714    2.733    2.902    4.822    5.628     –      –

  7.41    2.788    2.786    3.178    3.738    4.893    5.62  

  6.1     –      –     3.333    4.43    5.648    5.988  

  Wedge angle, degree for modes  

  3.714     –      –     34.55    29.08     –      –

  7.41     –      –     59.38    47.12    33.98    29.12  

  6.1     –      –     55.14    38.13    28.96    27.18  
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8.2. Inspection of Hollow Cylinders from the Inside Surface 181

Figure 8.10     Phase velocity determination for selected  fd  parameters.  

10

8

6

4

2

0
0 1 2 3 4 5 6 7 8 9 10

P
h
a
s
e
 v

e
lo

c
it
y,

 m
m

/μ
s

f × d, MHz∙mm

6.1

4.43

10

8

6

4

2

0
0 1 2 3 4 5 6 7 8 9 10

P
h
a
s
e
 v

e
lo

c
it
y,

 m
m

/μ
s

f × d, MHz∙mm

S1

3.71
S2

(A)

(B)

5.628

7.41

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



182 CHAPTER 8 Hollow Cylinder Inspection

small refl ectors and their position in the tube circumferential direction 
at a long distance  [37, 38] . 

 The more practical approach is to inspect relatively short lengths 
(approximately from 75 to 150   mm) of the tubes in the critical regions 
of stress concentration, such as the tube transition zone and zones in 
the vicinity of the support plates. This approach will reduce the infl u-
ence of energy leakage in water on the inspection sensitivity. The 
advantage of this technique is to provide improved sensitivity and high 
resolution measurements of crack length along with discrimination of 
intermittent ligaments between short crack segments. The crack length 
and existence of ligaments are essential factors to assess tube structural 
integrity and to predict tube rupture strength  [39] . 

 As an example, let us discuss the inspection of a tube in a transition 
zone of a tube sheet (Figure  8.11 A). To detect circumferentially ori-
ented cracks, the probe is inserted in the tube from the bottom of the 
tube sheet, with the ultrasonic beam directed down (Figure  8.11 B). One 
of the positive side effects is the possibility to assess the quality of the 
tube expansion. When the probe is located in the tube expended zone, 
and if a tube is expended correctly into the tube sheet, the S - wave beam 
will propagate into the tube sheet and will refl ect from the nearest 
refl ector (adjacent tube or corner of tube sheet).   

 One of the probe assembly designs is shown in Figure  8.12 . On the 
left is the probe mounted in the fi xture, which centers the probe and 
provides local couplant supply. This fi xture can be attached to a fl exible 
shaft, the length of which depends on the distance to the region to be 
inspected. After setup at the inspection region, the probe can be rotated 
and, if necessary, indexed.   

8.2.2. Lamb-Type Guided Wave Mode Selection for 
Practical Application 

 Theoretically, six modes can be utilized for SGT inspection (Table  8.1 ), 
but two of these modes, A 0  and S 0 , cannot be considered for practical 
application in water - loaded tubes. Moreover, the wedge angles for 
generating these modes are in the range of 70 ° , which makes it diffi cult 
to utilize them in probes for the small diameter tubes. 

 The modes S 1  and S 2 , as was mentioned above, are most likely to 
produce desirable results. It could be diffi cult to omit mode A 2  during 
the generation of the S 2  mode. The reason is wedge angles for these 
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Figure 8.11     Tube transition zone (A) and the probe position during inspection (B).  
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Figure 8.12     Example of a probe assembly for SGT inspection. Reprinted by permission 
of Westinghouse Electric Company LLC.  

Probe

modes are close to each other. Wedge angles for selected modes and 
chosen frequencies are shown in Table  8.2.    

 One of the reasons to generate several modes at different frequen-
cies is to compare signal response amplitudes, shapes, and to assess the 
attenuation.
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184 CHAPTER 8 Hollow Cylinder Inspection

 The results of the inspection can be presented in the form of a 
circular diagram, as shown in Figure  8.13  for three different sections 
of tubes. The dark areas represent cracks of different depth and length.     

8.3. TECHNIQUE DEVELOPMENT AND PROBE 
DESIGN FOR THE INSPECTION OF HOLLOW 
CYLINDERS FROM THE OUTSIDE SURFACE 

8.3.1. Technique Development and Probe Design for 
Inspection of Cylinders with Welded Adapters 

Test Object Description and Inspection 
Consideration

 Consider the case of an inspection using Lamb - type guided wave to 
inspect a stainless steel hollow cylinder with the following dimensions:

Table 8.2 
Wedge Angles for Selected Modes and Chosen Frequencies 

   Frequency, 
MHz

   Wedge angles for modes, degree  

   A 1      S 1      A 2      S 2

  3.0    34.55    29.08     –      –

  5.0    55.14    38.13    28.96    27.18  

  6.0    59.38    47.12    33.98    29.12  

Figure 8.13     The circular diagrams showing the results of the tube inspection.  
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8.3. Inspection of Hollow Cylinders from the Outside Surface 185

•      outside diameter of the hollow cylinder — 30.0   mm  
•      wall thickness — 2.50   mm.    

 These cylinders are part of the penetration system in pressure vessels. 
At one end of each cylinder, the adapter is welded with a different weld 
type: fi llet (1) and butt bevel (2) (Figure  8.14 ). The hollow cylinder 
wall is only a wave guide for delivering ultrasonic energy to the zone 
to be inspected. Usually, the inspection zone itself is a weld region (as 
in this case), a rolled transition to a different diameter, a step on the 
hollow cylinder, and so on.   

 These locations have different grain structure, wall thickness and, 
as a result, different wave velocity and attenuation. These are the loca-
tions where cracks would most likely be initiated. 

 The other end of the cylinder penetrates the pressure vessel, heat 
exchanger, or some other structure. Inside the cylinder, some kind of 
instrumentation or a heater in the shape of a round bar is located (not 
shown in Figure  8.14 ). 

Figure 8.14     Hollow cylinders with the welded on adapters.  
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186 CHAPTER 8 Hollow Cylinder Inspection

 There is a water gap in the radial direction of approximately 0.10 –
 0.3   mm between the inside surface of the hollow cylinder and outside 
surface of the heater or instrumentation. A crack can initiate from 
the inside surface of the hollow cylinder and may propagate most 
likely in the circumferential direction, following the heat - affected 
zone of the weld. Thus, the task of the inspection is to detect a crack 
located on the inside surface of the hollow cylinder from its outside 
surface.

 The conditions of ultrasonic inspection can be formulated as 
follows:

1.     The heater or the instrumentation will remain in the cylinder 
during the inspection.  

2.     The outside surface of the hollow cylinder is accessible for a 
distance of approximately 50 – 100   mm from the inspection 
zone.

3.     The probe should be positioned only on the outside surface of 
the cylinder and be able to rotate 360 ° .    

 These hollow cylinders comply with the defi nition of a  thin  hollow 
circular cylinder. The average mean radius is 13.75   mm and the wall 
thickness is 2.5   mm, so  h/r    =     2.5/13.75    =    0.1818.  

Selection of the Best Modes and Frequencies 

 The best modes to detect refl ectors in water - loaded test objects, as 
mentioned above, are mainly symmetric modes. For known wall thick-
ness d , the Equation  8.13  is to be used for calculating the  fd  parameters 
for symmetric modes. 

 The velocities in this test object are 

•       VS     =    3.10   mm/ μ s is shear wave velocity,  
•       VL     =    5.80   mm/ μ s is longitudinal wave velocity.    

 For a given wall thickness, the appropriate frequency can be calculated 
as f     =     fd / d . 
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 For S 1  mode,
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 With these values, one can expect minimum energy leakage in water. 
 The calculated frequencies 1.468   MHz and 2.93   MHz are not 

common for standard transducers. 
 Figure  8.15  shows phase velocities with transducers having the 

standard frequencies of 1.0   MHz. and 2.25   MHz. The calculated phase 
velocity is 6.28   MHz for A 2  and S 2  modes, as shown in Figure  8.15 .   

 The S 1  mode cannot be used at the frequency of 1.0   MHz. So, let 
us consider only the S 2  mode. The phase velocity of the S 2  mode is 
very close to the phase velocity of A 2  mode. Therefore, particular atten-
tion has to be given to the wedge design in order to prevent generation 
of the A 2  mode. 

 The incident or wedge angle for S 2  mode can be calculated accord-
ing to Equation  8.12 

    α = = °arcsin
.

.
. .

2 735

6 28
25 82

 The calculated group velocities for S 2  and A 2  modes from Figure  8.16  
are shown in Table  8.3 .     
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Figure 8.15     Phase velocity dispersion curves for 1.0   MHz and 2.25   MHz transducers.  
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 Normalized particle displacement is shown in Figure  8.17 . It shows 
that at the frequency 2.25   MHz, small leakage of ultrasonic energy in 
water is possible due to out - of - plane particle displacement.    

Group Velocity Measurement 

 As mentioned in Section 8.2.1 the non - axisymmetric waves travel 
along the hollow cylinder in double spiral lines, which are the same as 
helical lines. 

 So, to measure a group velocity, two parameters should be 
determined: a length of a helical line and a transit time between two 

Figure 8.17     Normalized particle displacement.  
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Table 8.3 
Calculated Phase and Group Velocities for S 2 and A 2 Modes 

   Parameter  fd , 
MHz· mm  

   Velocities, mm/ μ s for modes  

   Phase velocity     Group velocity  

   A 2      S 2      A 2      S 2

  5.62    6.009    6.28    3.307    3.767  

  Wedge angle, degree        25.82      
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refl ectors. The helical line length  S  of one revolution (360 ° ) can be 
calculated as:

    S r
h= +

( )
2

2
2

2

2π
π

,     (8.15)  

  where    r        is the radius of a cylinder,  

   h        is the lead of a helix.    

 To understand the meaning of this expression, multiplier 2 π  has to be 
introduced under the radical

    S r h= +( ) .2 2 2π     (8.16)   

 It means that the helical line length of one revolution is equal to the 
hypotenuse of a triangle, one side of which is (2 πr ) and is equal to the 
circumference of the cylinder base, and the other side ( h ) is equal to 
the lead of the helix (Figure  8.18 ).   

 To mark the beginning and the end of the helical line, two or three 
refl ectors (side - drilled holes), located 50   mm or 100   mm apart in the 
axial direction and 90 °  or 180 °  apart in the circumferential direction of 
the test sample can be used. To determine a fraction of one revolution 
of a helical line length, it is easier to calculate the total arc length of 
one revolution and then divide the obtained data according to the 

Figure 8.18     An arc length measurement.  
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location of the refl ectors. For example, if the are refl ectors located 90 °
apart in the circumferential direction, S 90     =    S/4. 

 Let us calculate the arc length of a hollow cylinder 30   mm diameter 
with two holes 90 °  apart and  h /4    =    50.8   mm:

    S = ×( ) + =2 15 203 2 223 982 2π . . ,mm

 where  h     =    50.8    ×    4    =    203.2   mm. 
 Therefore, the arc length is S/4    =    223.98/4    =    56   mm. 
 The group velocity of the generated mode should be determined 

by measuring time of fl ight (TOF). For example, the TOF ( τ ) between 
signals from two refl ectors is 32.64    μ s (Figure  8.19 ). Thus, the group 
velocity is

    Vgr = = × =S

4

56 2

32 64
3 43

τ
μ

.
. / .mm s

 Most likely that S 2  mode was generated, which calculated group veloc-
ity is 3.767   mm/ μ s. 

 Finally, water infl uence on inside notch detection should be deter-
mined in order to accept or reject the chosen mode. For this purpose, 

Figure 8.19     The signal from two refl ectors 50.8   mm apart.  
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test samples of the hollow cylinder with a notch on the inside surface 
should be inspected. The refl ections from the notch located in the test 
sample 1 is presented in Figure  8.20 . The difference in signal ampli-
tudes between the dry cylinder (A) and with water in the gap (B) is 
approximately minus 20%. The signal - to - noise ratio is more than 5/1. 
Approximately the same difference in signal amplitudes was observed 
during the inspection of test sample 2.   

Conclusion

1.     As predicted by the calculations, the S 2  mode was generated in 
the test samples.  

2.     Water gap has minimal infl uence on S 2  mode propagation.  

3.     There is no need to fabricate a special transducer with a calcu-
lated best frequency.       

8.3.2. Technique Development and Probe Design for 
Heater Sleeve Inspection 

Test Object Description and Inspection Consideration 

 Many heat exchangers include sleeves welded into the exchanger shell. 
The sleeves are relatively short cylinders (200 – 300   mm) that serve as 

Figure 8.20     Refl ected signals from a notch: (A) the dry cylinder #1, (B) water in the gap.  
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penetrations for the insertion of heat exchanger instrumentation and 
other devices. For example, in nuclear power plant pressurizers, there 
are pressurizer heater sleeves. The sleeve is essentially a hollow cylin-
der with a step on outside surface (Figure  8.21 ). The heater sleeve is 
welded to the cladding of the bottom head of the pressurizer. Heaters 
are located inside the heater sleeves. There is an air gap between outside 
surface of the sleeve and the penetration into the bottom head. There 
is also a water gap between the inside diameter of the sleeve and outside 
diameter of the heater.   

 The water gap between inside surface of the sleeve and outside 
surface of the heater in the radial direction is approximately 0.12 –
 0.15   mm. When cracking occurs, the crack is initiated from an inside 
surface of the hollow cylinder, progressing most likely in an inclined 
circumferential direction, following the heat - affected zone of the weld. 

Figure 8.21     Simplifi ed confi guration of the heater sleeve.  

Water gap

Air gap
Weld

Clad

Possible crack locations
Heater

Heater sleeve

Bottom head

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



194 CHAPTER 8 Hollow Cylinder Inspection

 The conditions for ultrasonic inspection are usually as follows:

1.     The heater will remain in the sleeve during the inspection.  
2.     A water gap exists between the inside surface of the hollow 

cylinder and the outside surface of heater.  
3.     The outside surface of the hollow cylinder is unobstructed.  
4.     The probe can be positioned only on the step of outside surface 

of the sleeve and be able to rotate on 360 ° ,  

5.     Non - axisymmetric waves should be used.    

 The average distance between the probe exit point and the possible 
crack location is approximately from 200 to 300   mm depending on the 
sleeve location at the bottom head. Outside diameters of the sleeve can 
be in the range of 30 – 40   mm and wall thickness in the range of 3 – 5   mm. 

 As mentioned before, mathematical tubing treated as thin hollow 
circular cylinder with ratio of average wall thickness h  to mean radius 
r  much less than unit  h/r     <<    1. The dimensions of the heater sleeves 
comply with the defi nition of a thin hollow circular cylinder. 

 In the case of inspection of a water - loaded hollow cylinder, it is 
preferable to utilize symmetrical S n  modes, in which case the in - plane 
particle displacement is maximized on both the inside and outside 
surfaces.

 Calculation of the  fd  parameter in this case provides the following 
results (Eq.  8.12 ). 

 As known, if  VL  is equal to phase velocity  Vph , no leakage in water 
is expected. 

 For example, for Inconel with velocities  VS     =    3.10   mm/ μ s and 
VL     =    5.66   mm/ μ s, the best frequencies are 

 for S 1  mode,

    
fd = ×

− ⎛
⎝⎜

⎞
⎠⎟

=1 3 10

1
3 10
5 66

3 71
2

.

.

.

. / .mm sμ

 For a given wall thickness, the appropriate frequency can be calculated 
as

    f
fd

d
= = =3 71

3 2
1 159

.

.
. .MHz
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 For S 2  mode,

    
fd = ×

− ⎛
⎝⎜

⎞
⎠⎟

=2 3 10

1
3 10
5 66

7 41
2

.

.

.

. /mm sμ

    f
fd

d
= = =7 41

3 2
2 316

.

.
. .MHz

 From this, it appears that common transducers can be used in this case 
with a nominal frequency 1.0   MHz. and 2.25   MHz. With these param-
eters, one can expect minimum energy leakage into the water gap. The 
incident or wedge angle can be calculated, according to Equation  8.12 .  

Lamb-Type Guided Wave Mode Selection 

 The sleeve geometry with a step on the outside surface presents a chal-
lenge for inspection. The probe can be positioned only on the surface 
of the step whose wall has a thickness of 4.4   mm; however, the inspec-
tion of the thinner portion of the sleeve has to be performed with a wall 
thickness of 3.2   mm. If the probe is positioned at an arbitrary distance 
from the step, the strong refl ection from the step will drastically reduce 
the energy which should be propagated in the thinner section. The wall 
thicknesses of this sleeve at its transition is shown in Figure  8.22 .   

 Distance X should be such that the refl ection from the step does 
not occur. This will allow the ultrasonic energy to propagate mainly in 
the thinner portion of the sleeve. 

 The best modes in this case will be S 1  or S 2 . Dispersion curves for 
the phase velocity shows that for a 1.0   MHz transducer, the phase 
velocity Vph     =    5.906   mm/ μ s and for a 2.25   MHz transducer, phase 

Figure 8.22     Beam propagation in the step region. a, probe exit point.  

X

a

3.2
4.4
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velocity is 5.667   mm/ μ s (Figure  8.23 ). The dispersion curves for the 
group velocity are shown in Figure  8.24 .   

 The group velocity for 1.0   MHz. is 4.01   mm/ μ s and for 2.25   MHz 
is 4.384   mm/ μ s. 

 The data obtained from the dispersion curves are summarized in 
Table  8.4 .   

 Energy leakage in water gap for these two modes will not be zero 
which is clear from the particle displacement graphs (Figure  8.25 ) for 
1.0   MHz frequency and for 2.25   MHz (Figure  8.26 ).   

 Two potential problems should be addressed before Lamb - type 
guided wave modes can be properly selected in this case. The fi rst one 
is the directivity pattern of Lamb - type guided waves propagating in a 
hollow cylinder. The second one is the refl ectivity from refl ectors which 
are not perpendicular to the cylinder axes.  

Experiments to Measure Wave Propagation 
Parameters

a. Sound energy or signal amplitude distribution along the hollow 
cylinder

Figure 8.23     Phase velocity dispersion curves.  
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Figure 8.24     Group velocity dispersion curves.  

6

5

4

3

2

1

0

f × d, MHz∙mm

G
ro

u
p
 v

e
lo

c
it
y
, 
m

m
/μ

s
3.2 7.2

S1 S2

4.384

4.01

0 1 2 3 4 5 6 7 8 9 10

 The directivity pattern of Lamb waves in a plate is well known; 
however, the directivity pattern of Lamb - type guided waves in a hollow 
cylinder is more complicated and is less investigated, especially for 
non - axisymmetric waves. Generation of non - axisymmetric waves leads 
to generation of not only longitudinal, but also torsion modes. Due to 
the small differences in the phase velocities for each of the modes, the 
acoustic fi eld varies from section to section along the cylinder. This 
leads to a pattern of energy distribution in the cylinder wall as if its 
sections rotate. 

Table 8.4 
Phase and Group Velocities for Selected Modes 

f     ×     d , 
MHz· mm  

   Frequency 1.0   MHz  f     ×     d , 
MHz· mm  

   Frequency 2.25   MHz  

   Mode      Vph

mm/μ s  
Vgr

mm/μ s  
   Mode      Vph

mm/μ s  
Vgr

mm/μ s  

  3.2    S 1     5.906    4.01    7.2    S 2     5.667    4.384  

  Wedge angle    27.58 °         Wedge angle    28.86 °       
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Figure 8.25     Particle displacement graph for S 1  mode.  
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Figure 8.26     Particle displacement graph for S 2  mode.  

1

0.5

0

−0.5

−1
−5 0

0

5 10 15

S2 mode, fd = 7.2

Normalized displacement

N
o
rm

a
liz

e
d
 t
h
ic

k
n
e
s
s

 At a relatively short distance from the probe, the difference in 
energy distribution in a circumferential section of the hollow cylinder, 
from section to section along the axes, can be distinguished. As the 
distance from the probe increases, the differences tend to diminish. One 
of the practical ways to assess approximate energy distribution along 
the hollow cylinder is to conduct a simple experiment. 
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Figure 8.27     Diagram related to the signal amplitude distribution measurements.  

101.6

180° apart
Zero degree position Reflector #1 Reflector #2

 An example of the experimental setup for these experiments is 
shown in Figure  8.27 . The cylinder should contain two or more refl ec-
tors: for example, refl ector #2 is on 101.6   mm from refl ector #1 in the 
axial direction and 180 °  in the circumferential direction.   

 The probe is placed on the hollow cylinder at the zero degree posi-
tion, which is in line with the fi rst refl ector. The probe should be rotated 
around the cylinder at a fi xed distance from the refl ectors. 

 Similar test samples with different types of refl ectors can be used 
for different purposes. For example, side - drilled holes should be used 
to assess the energy distribution, and to collect information in order to 
calculate the group velocity. Notches should be used to assess detect-
ability and for system calibration. Experiments show that from one 
probe locality, two refl ectors can be detected simultaneously: the fi rst 
signal at 61.680    μ s is from refl ector #1 at the gain of 47   dB (Figure 
 8.28 A), the second signal at 108.48    μ s is from refl ector #2 180 °  from 
refl ector #1. For S 2  mode, the same signals at the gain of 58   dB are 
shown in Figure  8.28 B.   

 These screen shots were obtained with the probe at position 0 ° , that 
is, the probe is in line with the center of the refl ector #1 (notch) (Figure 
 8.29  ) . In two other circumferential probe positions, signal amplitudes 
are different (see Table  8.5 ).     

 Note that the distinctive feature of the refl ected signal of Lamb - type 
guided wave propagation is the widening of the signal as the distance 
from the probe increases which is common for Lamb waves. 

 Note that the difference in signal amplitude at each of the probe 
circumferential positions is greater for notch #1, which is located close 
to the probe (see Figure  8.27 ). 

b. Group velocity measurement
 The group velocity should be determined in the same way as shown 

earlier in the section on “ Group Velocity Measurement. ”  Let us 
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Figure 8.28     The signals refl ected from two notches: (A) S 1  mode, (B) S 2  mode.  

(A)

(B)
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Figure 8.29     Relative position of the notches and the probe.  

Probe positions
0°

90°

180°

Notch #1

Notch #2

Table 8.5 
Signal Amplitudes in Probe Positions 0, 90, and 180 °

   Notch #     Signal amplitude, %  

   0 degree     90 degree     180 degree  

  1    90    20    60  

  2    64    45    38  

calculate the arc length of a hollow cylinder 29   mm in diameter with 
two holes 180 °  apart and  h /2    =    101.6   mm:

    S = ×( ) + =2 14 5 203 2 222 672 2π . . . ,mm

 where  h     =    101.6 × 2    =    203.2   mm. 
 So, the arc length is S 180     =    222.67/2    =    111.34   mm. 
 For S 2  mode, measured TOF ( τ ) between signals from two holes is 

48.0    μ s (pulse - echo method was used). Thus, the group velocity is

    Vgr = = × =S4 111 34 2

48
4 64

τ
μ.

. /mm s

 This confi rms that the S 2  mode was generated (calculated group veloc-
ity is 4.384   mm/ μ s). 
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 It is very important to asses the infl uence of a water load on wave 
propagation in the cylinder. Experiments have shown that the water 
load slightly infl uences the S 1  wave mode propagation. The wave mode 
S2  propagation is slightly affected by the water load as well: the signal 
amplitude is slightly reduced and changed in shape. 

 The fi nal test for the probe to be selected is its ability to detect 
notches that represent the location and size of real cracks. Figure  8.30  
shows the positions of two notches that simulate real crack orientation 
in the weld ’ s heat - affected zones. Refl ections from these notches are 
shown in Figure  8.31 .   

 One can see that both notches were detected. Especially important 
is the detection of the notch that is inclined at 45 ° . It confi rms once 
again that the beam propagation follows a spiral path. 

 The probe design in this case is a much easier task than the tech-
nique development. The wedge angle for both S 1  and S 2  modes can be 
chosen as the same at 28 °  and then corrected, if necessary. Figure  8.32  
shows one of the wedge geometry.   

Conclusion

1.     Comparison of the two modes shows that both of them are 
acceptable for practical applications.  

2.     The S 1  mode needs less gain and slightly more gain than S 2
mode sensitive to water load.  

Figure 8.30     Upper end of the test samples, representing location of two notches in heat -
 affected zone.  
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Figure 8.31     Refl ections from the notches that represent the location and size of the real 
cracks (S 2  mode). (A) Refl ection from notch #1, (B) refl ection from notch #2.  

(A)

(B)

Figure 8.32     Example of a wedge design for Lamb - type guided wave generation for the 
inspection of a cylinder.  
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3.     The refl ected signals have shape (see Figure  8.8 ), which con-
fi rms that the frequency of the transducer matches the theoreti-
cal calculations.       

8.3.3. Technique Development and Probe Design for 
a Thick Wall Hollow Cylinder Inspection 

Test Object Description 

 Consider the case of an inspection with Lamb - type guided waves of a 
hollow cylinder, fabricated from Inconel, with the following 
dimensions:

•      Outside diameter of the hollow cylinder — 33.5   mm  
•      Inside diameter — 20.8   mm  

•      Wall thickness — 6.35   mm.    

 This hollow cylinder does not match with the defi nition of a  thin  hollow 
circular cylinder. Let us name it a  thick  hollow circular cylinder. It is 
very possible that the inspection of these cylinders will present 
diffi culties. 

 This hollow cylinder (Figure  8.33 ) is welded to the cladding of the 
bottom head of the vessel. Inside the cylinder an insert is located. There 
is an air gap between outside surface of the cylinder and the penetration 
into the bottom head. There is also a water gap between the inside 
diameter of the cylinder and outside diameter of the bar.   

 The water gap in the radial direction is approximately 0.15   mm. 
The air gap is approximately at the same magnitude as the water gap. 
The minimum available distance between the probe exit point and a 
possible crack location is approximately 180   mm. 

 The locations of possible cracks to be detected are shown in Figure 
 8.33 . A crack may start on the inside surface of the cylinder and propa-
gate in the wall toward the outside surface and in the circumferential 
direction following the heat - affected zone of the weld. 

 First, let us calculate the  fd  parameter of the symmetric modes 
which may not be sensitive to a water load. 

 For example, for an Inconel cylinder with a wall thickness of 
6.35   mm,  VS     =    3.10   mm/ μ s and  VL     =    5.66   mm/ μ s, the symmetric S 1
mode fd  parameter is
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fd = ×
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 For a given wall thickness of 6.35   mm, the frequency can be calculated 
as

    f
fd

d
= = =3 71

6 35
0 584

.

.
. .MHz

 Then the incident or wedge angle can be calculated according to 
Equation  8.12 . 

Figure 8.33     Simplifi ed geometry of thick wall hollow cylinder.  
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 Calculation results for the two modes are presented in Table  8.6 .   
 If it will be possible to fabricate a transducer with exactly the same 

frequency as calculated (0.584, 1.167   MHz.), the out - of - plain particle 
displacement should be zero. Particle displacement calculation for the 
wall thickness confi rms this statement. For example, the normalized 
particle displacement for the S 1  mode in Inconel with wall thickness 
6.35   mm is shown in Figure  8.34 .   

 The out - of - plane displacement, which is the particle displacement 
perpendicular to the test sample surfaces, is almost equal to zero on 
both sides of the test sample wall. The in - plane displacement, which is 
the particle displacement parallel to the test sample surfaces, reaches 
maximum on both sides of the test sample wall and minimum in the 

Figure 8.34     Normalized particle displacement: S 1  mode, wall thickness 6.35   mm.  
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Table 8.6 
Calculation Results for Two Modes: S 1 and S 2

  Parameter     Wall thickness  d , mm     Frequency  f , MHz  

fd , MHz · mm     S 1  mode     S 2  mode  

  3.71    6.35    0.584      

  7.41    6.35        1.167  

  Wedge angle, degree        28.89    28.89  
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Table 8.7 
Modes Which Can Be Generated at 0.5 MHz and 1.0 MHz
Frequencies

   Frequency, MHz     Phase velocities, mm/ μ s and wedge angles for modes  

   A 0      S 0      A 1      S 1      A 2      S 2

  0.5    2.707    3.008    5.344    5.906     –      –

  1.0    2.786    3.291    4.252    5.503    5.953  

  Wedge 
angle,
degree

  0.5   MHz     –     65.4    30.78    27.59     –      –

  1.0   MHz    78.7    56.2    40.0    29.8    27.66  

middle of the sample wall thickness. The frequencies shown in Table 
 8.6  are uncommon for transducer manufacturers. To fi nd a desirable 
combination of the frequency and the dependence on water load, the 
analysis should be performed for several other modes. 

 For 0.5   MHz and 1.0   MHz frequencies, the following modes 
can be generated (Table  8.7 ) according to the dispersion curves 
(Figure  8.35 ).     

Figure 8.35     Phase velocity dispersion curves for wall thickness 6.35   mm frequency 0.50 
and 1.0   MHz.  
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 Particle displacements for S 1,  S 2 , and S 0  modes for wall thickness 
6.35   mm are shown in Figure  8.36 A – C. In this case, the out - of - plane 
displacement is not equal to zero. This means that the energy will leak 
into the water. It is not clear if these modes can be utilized practically. 
The in - plane displacement is maximized on both surfaces of the test 
sample wall, and only experiments can show the applicability of these 
modes.   

 Group velocities for modes at the 0.5   MHz and 1.0   MHz frequen-
cies are summarized in Table  8.8 . An example of the group velocities 
calculation for 1.0   MHz transducer and S 1  and S 2  modes is shown in 
Figure  8.37 .      

Mode Selection for Transducers with 
Standard Frequencies 

 To assess the applicability of modes, as a fi rst approximation, it is much 
easier to generate modes in fl at strips instead of a hollow cylinder, with 
the same metal and wall thickness. Propagation in the Inconel strip, 
which contains notches on both sides, can be performed experimentally 
by using the setup as shown in Figure  8.38 .   

 The following modes were generated by using a standard 1.0   MHz 
0.500   in. diameter transducer for a given wall thickness (Table  8.9 ). 
The generated modes should be evaluated by using the following prac-
tical performance criteria: infl uence of water load, noise level, gain 
level, and signal shape.   

 The refl ections generated by A 0  and S 0  modes are the best according 
to abovementioned criteria. The parameter  “ water infl uence ”  shows the 
gain in decibel necessary to increase the signal amplitude to the level of 
amplitude with no water in the gap. Water should be present only on one 
side of the strip, “ inside ”  surface, opposite to the surface where the 
probe is positioned. This should simulate a real water gap. 

 Examples of signals generated in a 6.35 - mm thick strip are shown 
in Figure  8.39  (no water gap). In Figure  8.39 , the fi rst signal is from 
the fi rst notch: for S 0  mode at 148.000    μ s, and for S 2  mode at 86.600    μ s 
(TOF 2 in Figure  8.39 ). The signal amplitude from the second notch in 
both cases is not more than 20%. The signal - to - noise ratio in the area 
of the second notch is unacceptable.   

 The two modes A 0  and S 0  were selected for thick wall hollow cyl-
inder inspection. For the group velocity measurement, the sample with 
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Figure 8.36     Normalized particle displacement: S 1 , S 2 , and S 0  modes for 6.35   mm wall 
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Table 8.8 
Group Velocities for Modes at 0.5 MHz and 1.0 MHz Frequencies 

   Frequency, 
MHz

   Group velocities, mm/ μ s  

   A 0      S 0      A 1      S 1      A 2      S 2

  0.5    2.923    2.265    3.306    4.01     –      –

  1.0    2.748    2.541    2.123    3.34    4.309  

Figure 8.38     An experimental setup.  

Tray Probe Test strip Water gap 1st notch 2nd notch Support

Figure 8.37     Group velocity dispersion curves for modes at 1.0   MHz.  
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212 CHAPTER 8 Hollow Cylinder Inspection

Figure 8.39     Examples of signals generated in 6.35   mm thick strip.  

S0 mode

S2 mode

three holes 90 °  apart in circumferential direction and  h     =    50.8   mm 
apart in axial direction was selected. The procedure of arc length cal-
culation is the same as in “ Group Velocity Measaurement ”  section. 

 Cylinder outside diameter is 33.5   mm, therefore 2 π r    =    105.19   mm:

    S = + =105 19 203 2 228 82 2. . . mm

    S / / . / . .4 2 4 228 8 4 57 2= = =π mm
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8.3. Inspection of Hollow Cylinders from the Outside Surface 213

 The average  τ     =    37.7    μ s. So, the group velocity is

    Vgr = = × =2 4 2 57 2

37 7
3 03

S / .

.
. /

τ
μmm s

 It appears that the S 0  mode was generated, of which the calculated 
group velocity is 2.748   mm/ μ s.  

Energy Distribution along the Hollow Cylinder 

 The signal amplitude distribution along the circumference of the hollow 
cylinder can be measured approximately on the test sample with two 
refl ectors 180 °  apart in the circumferential and 100   mm apart in the 
axial direction (Figure  8.40 ).   

 At the zero degree position, the probe should be aligned with the 
center of the fi rst refl ector. Then the probe should be rotated around the 
circumference, and the signal amplitude from each refl ector should be 
measured at, for example, every 45 ° . As an example, results are sum-
marized in Table  8.10  and are plotted in Figure  8.41  for the S 0  mode 
and the 6.35   mm hollow cylinder wall thickness.     

 It is known that Lamb waves in plate have a sharp directivity 
pattern. One can see that in a hollow cylinder, the signal amplitude 
distribution depends on the probe position along the circumference and 

Table 8.10 
Signal Amplitudes, % for S 0 Mode 

  Probe position, degree    0    45    90    135    180    225    270    315  

  1st refl ector, A (Figure  8.41 )    80    22    20    24    36    20    18    30  

  2nd refl ector, B (Figure  8.41 )    38    60    54    50    70    42    56    45  

Figure 8.40     Position of the refl ectors for a signal amplitude distribution measurement.  

probe exit point

165 100 50

1st reflector 2nd reflector
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214 CHAPTER 8 Hollow Cylinder Inspection

its distance from any refl ectors. For example, at a distance of 165   mm 
from the probe, the distribution is more or less sharp (Figure  8.41 A), 
but at a distance of 265   mm from the probe, the energy is more evenly 
distributed around the circumference (Figure  8.41 B). It would appear 
that at some distance from the probe the wave propagation becomes 
axisymmetric, even though it originated as non - axisymmetric. 

 The fi rst signal at 119.6    μ s in Figure  8.42  is a refl ection from the 
fi rst refl ector, and the second signal at 193.6    μ s from the second refl ec-
tor. The drawback of the almost even signal amplitude distribution 

Figure 8.42     Signals refl ected from the notches in the hollow cylinder. S 0  mode.  

Figure 8.41     Normalized circumferential signal amplitude distribution on the outside 
surface of the hollow cylinder. S 0  mode.  
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8.3. Inspection of Hollow Cylinders from the Outside Surface 215

(Figure  8.41 B) is the problem of locating the exact position of the 
refl ector along the circumference.    

Infl uence of Water Gap Thickness on Wave 
Propagation for S 0 Mode 

 Analysis of the modes reveals that the S 0  and/or A 0  modes demonstrate 
the best results, both in signal shape and signal - to - noise ratio for a 
non - water loaded strip. To assess the infl uence of water gap thickness 
on wave propagation, the experimental setup as shown in Figure  8.38  
can be used. 

 The strip should be placed in the tray on two supports forming a 
water gap of approximately 3.0   mm, which is equal to  ≈ 2 wavelengths 
at 1.0   MHz. The probe is fi xed on one end of the strip. The distance 
between the exit point of the probe and the edge of the strip has to be 
the same as in the case of actual inspection of the test object. To 
compare the results, experiments should be performed with no water 
in the gap and with water in the gap. The typical results for transducer 
frequency 1.0   MHz, 6.35   mm thick strip, S 0 , or A 0  mode are 

1.     With no water in the gap both notches are detected.  

2.     With water in the gap the second notch (imitation of an  “ inside ”
notch in the hollow cylinder) cannot be detected.    

 At the same time, the wave propagation showed some dependency from 
the reduction of the water gap thickness. 

 The water gap between the inside surface of the sleeve and the 
outside surface of the heater in the radial direction is much less than 
3.0   mm, approximately, 0.13 – 0.2   mm, which is, by order of magnitude, 
less than the wavelength in water. It is possible that a drastic reduction 
in the thickness of water gap will have a benefi cial effect on the Lamb -
 type guided wave propagation. 

 To address wave propagation in the hollow cylinder with a real 
water gap thickness, the notch should be machined on the inside surface 
of the test samples. Measurements were made with a rod inside the 
hollow cylinder, which simulated a real condition. The gap in the radial 
direction was approximately 0.2   mm. 

 Several modes were generated in the test sample with a water gap 
by using a 1.0   MHz transducer. No infl uence of the water gap on the 
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216 CHAPTER 8 Hollow Cylinder Inspection

detectability of the inside notch was noticed. So, if the water gap is 
much less than the wavelength (in this case the water gap is ≅ 0.1 λ ), 
practically, all the generated modes will probably provide acceptable 
signal amplitudes and shapes. 

 During the experiments with a 6.35   mm thick strip, it was noticed 
that not one but two modes propagate simultaneously. The explanation 
of this phenomenon was given in Reference  13 . It is generally known 
that as the plate thickness varies from  “ zero ”  to infi nity, the phase and 
group velocities of modes, S 0  and A 0 , tend to have Rayleigh wave 
velocity VR . It was shown that at plate thickness  d     >     λR , the Rayleigh 
wave excites in two modes S 0  and A 0  (in this case  d     ≅    3 λR ) .  The waves 
of these modes are excited with approximately the same amplitudes 
and phase velocities. During the propagation the waves interfere. At 
some fd  value, these two modes become like  “ one ”  wave. This  “ com-
bined”  wave is named the quasi - Rayleigh wave. 

Rayleigh Wave Velocity Measurement 

 To confi rm that S 0  mode was generated and to clarify the phenomenon 
of a quasi - Rayleigh wave propagation in a thick strip, Rayleigh wave 
velocity should be measured. 

 Rayleigh wave generation and velocity  VR  measurements were 
performed on 304 stainless steel plate 25   mm thick. Strictly speaking, 
surface (Rayleigh) wave can propagate only along the fl at surface of a 
half space, which is impossible to create in practice. But for the plate 
thickness d     >>     λR , the measurements should be acceptable. 

 S 0  mode generated at frequency 1.0   MHz was used for the experi-
ment. The average measured surface wave velocity is  VR     =    2.93   mm/ μ s. 
At this velocity, the wavelength for 1.0   MHz is  λ     =    2.93   mm. So, for 
the strip thickness d     =    6.35   mm,  d     =    2.17 λ  (1.0   MHz). These measure-
ments confi rm the statement in Reference  13 . 

 The same phenomenon is correct for hollow cylinders. The program, 
designed to calculate dispersion curves for hollow cylinders, shows the 
same output as for plate at large product of  fd . As the wavelength 
decreases, the hollow cylinder begins to resemble a half space: the 
phase velocity of A 0  and S 0  modes should approach the velocity of the 
Rayleigh wave. The program also shows that for large radii, the effect 
of curvature diminishes, and in the limit of an infi nite radius, the effect 
of curvature vanishes. Figure  8.43  illustrates these statements. The 
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8.3. Inspection of Hollow Cylinders from the Outside Surface 217

Figure 8.43     Phase velocity dispersion curves for two zero modes compared with Rayleigh 
wave velocity.  
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program provides good results of the calculation dispersion curves 
for hollow cylinders with diameters of approximately 6.0   mm and 
greater.   

 The previous experiments were performed with transducers having 
standard frequencies and did not show optimized refl ected signal 
pattern. One of the reasons for this is inadequate frequencies for given 
wall thicknesses and modes to be generated. To optimize Lamb - type 
guided wave propagation in hollow cylinder, the frequency tuning is 
very helpful. 

 For example, when a standard transducer of 1.0   MHz is driven by 
tone - burst cycles at a close to excitation frequency, the shape of the 
signal improves, and the gain needed to achieve the same signal ampli-
tude is drastically reduced. Figure  8.44 B illustrates the best signal 
received from an inclined notch, generated by the S 0  mode, in the test 
sample with a wall thickness of 6.35   mm, without frequency tuning. 
Compare this signal with the signal from the same notch at the same 
distance but tuned (Figure  8.44 A). The best signal was produced at 
frequency of 0.874   MHz. The signal shape is signifi cantly different 
from untuned signal and, more importantly, the gain was reduced by 
14   dB to achieve the same signal amplitude.   
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218 CHAPTER 8 Hollow Cylinder Inspection

Conclusion

1.     The water load does not infl uence wave propagation of water -
 sensitive modes, if the layer thickness is much less than the 
wavelength.

2.     It is most likely that a hollow cylinder with a wall thickness of 
about 6 – 7   mm is the maximum thickness of a hollow cylinder 
wall that can be inspected at frequencies close to 1.0   MHz.  

3.     Frequency tuning is very helpful to optimize the wave 
propagation.          

Figure 8.44     Comparison between tuned (A) and untuned (B) signals.  

(A) 42 dB (B) 56 dB

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



  CHAPTER 9

Technique Development 

and Focused Probe Design 

for Immersion Method 

Inspection    

    9.1. BASICS OF FOCUSED IMMERSION 
PROBE DESIGN 

   9.1.1. General Observation 

 Focused probes development and application for NDT reached its 
apogee in the late 1970s  [40 – 43] . These focused probes were developed 
to improve the detection and sizing of fl aws by concentrating the ultra-
sonic energy in a smaller focal zone using a relatively large diameter 
transducer. Currently, there are other techniques for an accurate detec-
tion and sizing of fl aws, but focused probes are still valuable tools to 
aid in detection and sizing. 

 The focusing effect of an ultrasonic probe can be achieved, among 
other techniques, by attaching a lens to a fl at crystal, or using a curved 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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220 CHAPTER 9 Immersion Method Inspection

crystal, or using an annular transducer. The use of lenses is the most 
practical approach in many cases. The lens can be permanently attached 
to a fl at crystal, or machined separately and made to be replaceable. 
The design of both types of the lenses is similar. Permanent lenses are 
usually fabricated from epoxy raisin compounds. The removable lenses 
are manufactured from acrylics or polystyrene. 

 The simplifi ed diagrams of a single surface lens focused probes are 
shown in (Figure  9.1 ).   

 The straight beam probes (Figure  9.1 A) are the most usable. 
 There are several approaches to the design of a straight beam 

focused probe. One approach is to use “ precise, ”  and therefore 
complicated, equations, starting from the determination of focal dis-
tance parameters ( Fm, L , etc.) in a test object and then extrapolating 
them to parameters in water, such as a water path  L , a focal length  Fa , 
and others. In ultrasonic NDT, these  “ precise ”  equations often do not 
give precise results. The other approach is to use relatively simple 
equations to defi ne the same parameters, and then adjust test parameters 
by using the experimental results. This approach will be described 
below. 

 To use the same type probe for an angle beam inspection is not 
recommended. The brief explanation is illustrated in Figure  9.1 B. The 
angles of incidence for each of the inclined rays are different. For 
example, for two peripheral rays α1     <     α     <     α2 , so are refracted angles 
also β1     <     β     <     β2 . This means that the central ray will be crossed by 

Figure 9.1     Focused immersion probe positions for (A) straight beam inspection and 
(B) angle beam inspection. 1, transducer; 2, lens.  
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9.1. Basics of Focused Immersion Probe Design 221

other rays not in one focal zone, but in two, for example, 1 and 2. Thus, 
the interpretation of the test results can present diffi culties.  

9.1.2. Consideration Relative to Straight Beam 
Immersion Focused Probe Design 

Spherical Aberrations Phenomenon 

 The easiest way to describe these aberrations is to follow the explana-
tion given in the geometrical optics for a concave spherical mirror, 
which is also correct for a lens (Figure  9.2 )  [11] . The sketch shows a 
mirror with a radius r  and a curvature radius  R . The parallel rays of 
light, coming from the right, refl ect and intersect the mirror axis not in 
one focus point, but in different points, depending on the distance  h , at 
which a ray is refl ected. This is an undesirable effect in optics and is 
known as spherical aberration. Instead of a singular focus, there is a 
focal zone of length L  and diameter  d .   

 The explanation of a spherical aberration of a mirror, given in 
optics, is simple (Figure  9.3 ).   

 If a ray, parallel to the axis of the spherical mirror with curvature 
radius R , is incident at point a, it will refl ect at the angle  α , which is 
equal to the angle of incidence, according to the law of refl ection. 
Therefore, the triangle a - b - o is isosceles, and side ab    =    bo. Then of 
course, ao    <    ab    +    bo and therefore,  R     <    2bo. If point a moves toward 

Figure 9.2     Spherical aberration of a concave spherical mirror.  
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point A , point b will approach point  F , which is the paraxial focus of 
the mirror. In the limit oF    =    ab    =    FA    =    0.5R. 

 It is worth noticing that the magnitude of aberration is proportional 
to h2 , which is the square of the height of the ray above the mirror axis. 

 All of the abovementioned regarding mirror aberration is also 
correct for a single surface lens (Figure  9.4 A). The only exception — the 
law of refraction — should substitute for the law of refl ection.   

 The Figure  9.4  shows a spherical lens L attached to a fl at transducer 
T. The lens curvature radius is AB, and line mn is perpendicular to the 
radius. The incoming ray is incident on the lens surface at point A at 
the angle of incidence α . 

 If it would be possible to refract all rays to the center of the lens 
curvature B, then no spherical aberration would occur (angle  γ     =    0). 
This would be an ideal case, but it is impossible due to the restriction 

Figure 9.4     Single surface lens aberration (A) and restriction to ray propagation.  
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of Snell ’ s law  [44] . By rotating the portion of the sketch (angle of 
incidence α , along with lines mn and AB), as shown in Figure  9.4 B, 
one can see that the refracted angle γ  cannot be zero when the angle of 
incidence α  is not zero.   

9.1.3. Acoustic Parameters of Focused Probe 

 The maximum distance to the fl aw, which has to be detected in the test 
object, is usually given in the inspection specifi cations, as well as its 
minimum dimensions to be sized. The ultimate goal of a probe design 
is to calculate the acoustic parameters in water, which would satisfy 
certain specifi cation requirements. 

 The acoustic parameters are 

1.     the acoustical focal length in water or in a test object material, 
which defi nes the point of highest concentration of energy that 
is the acoustic focus,  

2.     the focal zone, which is the space around acoustic focus point 
defi ned by the length and the diameter.    

 The focal zone length is the distance on both sides of the focus 
point where signal amplitude decreases at 6   dB, as compared to the 
maximum amplitude. The focal zone diameter is defi ned as the distance 
from both sides of a probe acoustic fi eld central line where the 
signal amplitude decreases at 6   dB, as compared to the maximum 
amplitude.

 The desirable acoustic parameters of the probe can be calculated 
using its geometrical parameters, such as 

1.     the geometrical focus which defi nes the point, where all imagi-
nary rays intersect the central axis of the probe,  

2.     the crystal radius, and  

3.     the lens curvature radius.    

 The parameters related to the focused probe geometry are illustrated in 
Figure  9.5 .   

 The single - surface lens 2 with the curvature radius  Rl  is attached 
to the transducer 1 with the fl at crystal of radius  r . The geometrical 
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focus length is Fg . Usually, the location of the acoustic focus is between 
the geometrical focus and the lens radius point, depending on the trans-
ducer frequency (for the same Rl  and  r ). Possible positions of the 
acoustic foci for nominal transducer frequencies 2.25, 5.0, and 10   MHz 
are shown in Figure  9.5 , where the acoustic focal length  Fa  defi nes the 
position of the acoustic focus of the transducer with a nominal fre-
quency of 5.0   MHz. 

 Spherical and chromatic aberrations, typical in optical systems, are 
a great infl uence on the sound fi eld of an ultrasonic focused probe. It 
is worth noting that aberrations in the sound fi eld do not affect conven-
tional straight beam inspections using focused probes. The aberrations 
are “ responsible ”  for the creation of the focal zone. In several cases, 
when an extremely sharp focus spot is essential (acoustic microscope), 
there are techniques to eliminate the aberrations.   

9.2. GEOMETRIC AND ACOUSTIC PARAMETER 
CALCULATION 

 The geometric focal point can be calculated as

    F R
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    (9.1)   

Figure 9.5     Focused probe geometrical parameters. 1, transducer; 2, lens.  
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9.2. Geometric and Acoustic Parameter Calculation 225

 The following equation for the acoustic focal distance  Fa  calculation 
provides practically accurate results:
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  where    Rl          =    lens curvature radius, mm  

   r          =    lens radius, mm  

   h          =    lens  “ depth ” , mm  

   λ          =    wave length, mm  

   Vw          =    sound velocity in water, mm/ μ s  

   Vl          =    sound velocity in lens material, mm/ μ s    

 The value of  h  can be calculated as  h     =     Rl (1    −    cos    β ). 
 For a fl at transducer (or fl at lens)  Rl     =     ∞ ,  h     =    0, and this equation 

becomes the formula for near - fi eld distance:
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 The maximum and minimum acoustic focal distances can also be 
derived from this equation. 

 If  Rl     >>     r , it is a condition for maximum acoustic focal distance, 
and Fa max  can be calculated as
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 If  Rl     =     r , it is a condition for minimum acoustic focal distance and 
Fa min  can be calculated as
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226 CHAPTER 9 Immersion Method Inspection

 For practical simplicity, the main equation for the acoustic focal dis-
tance can be reduced to the formula
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 where  k     =     Rl / r . 
 The following equation for the geometrical focal distance  Fg  cal-

culation gives practically accurate results:
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 The focal zone diameter  d  and length  l  at a level of  − 6   dB can be cal-
culated as

    d
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9.3. STRAIGHT BEAM SPHERICAL FOCUSED 
PROBE DESIGN 

9.3.1. Assessment of Design Feasibility 

 To achieve the required acoustic focal distance in the test object, the 
acoustic focal distance in water can be calculated using the following 
equation (Figure  9.6 ):

    F F
V

V
La m

m

w

= +     (9.10)    

where    Fa           =    acoustic focal distance in water, mm  

   Fm          =    acoustic focal distance in test object material, mm  

   L          =    water path, mm  
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9.3. Straight Beam Spherical Focused Probe Design 227

   Vw          =    wave velocity in water, mm/ μ s  

   Vm          =    wave velocity in test object material, mm/ μ s    

 The fi rst step in focused probe design is to perform a rough preliminary 
assessment of the design feasibility. This would help to understand if 
the fabrication of a probe with a calculated acoustic focal distance and 
desirable focal zone parameters is possible. This can be done by a 
comparison of the focused transducer preferable sound fi eld parameters 
with the near fi eld ones. 

 The acoustic focal distance has to be considerably less than the 
near fi eld length for the appropriate crystal diameter and frequency. The 
focal zone diameter has to be less than the minimum dimension of the 
fl aw to be sized. 

 A quick feasibility study can be made by using the following 
graphs:

1.     the near - fi eld length versus the crystal diameter and 
frequency,  

2.     the crystal diameter versus the beam diameter at the near fi eld.    

 As an example, the graph in Figure  9.7  shows the near fi eld length 
versus crystal diameter for two frequencies. If the calculated acoustical 
focal distance Fa  is equal to or less than approximately 0.7 of the near -
fi eld length N, then the probe fabrication is feasible.   

 The graph in Figure  9.8  shows the beam diameter in the near 
fi eld of a fl at transducer versus the transducer (crystal) diameter for 

Figure 9.6     Focused straight beam immersion probe conceptual design.  
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all frequencies. If the desired focal zone diameter is less than 
approximately half of the beam diameter at the near - fi eld length 
for appropriate transducer diameter and frequency, the probe fabrica-
tion is feasible.    

9.3.2. Consequence of Calculation 

 After the necessary focal distance is determined, the geometrical focal 
distance can be calculated as

    F R

V

V k
V

V

g l

w

l

w

l

=
+ ⎛

⎝⎜
⎞
⎠⎟

−

1
1

1

2

.     (9.11)   

 The coeffi cient  k     =     Rl / r . Its practical value varies from approximately 
2 to 10. 

 For known sound velocities in the lens material  Vw  and steel  Vl , this 
equation can be reduced to

    F R Kg l g≅ ×     (9.12)   

Figure 9.7     Near - fi eld length versus crystal diameter for two frequencies.  
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 The coeffi cient  Kg  can be determined from the graph in Figure  9.9  for 
a lens from Plexiglas with a sound velocity Vw     =    2.735   mm/ μ s and steel 
with velocity 5.85   mm/ μ s. Similar graphs can be created for different 
combinations of velocities.   

 Figures  9.9  and  9.10  illustrate why the frequency independent 
geometric focus distance should be determined fi rst. The lens curvature 
radius is approximately 2.2 – 2.3 times less than the geometric focus 
distance. The coeffi cient  k     =     Rl / r  is used as a fi rst approximation, 
keeping in mind that the crystal radius should not be more than approxi-
mately 25   mm for manufacturing reasons.   

 As is mentioned above, the acoustic focus distance cannot exceed 
the length of the near fi eld, and there is a practical limit for the acoustic 
focal length and focal zone diameter. The acoustic focus distance 
increases sharply up to k     ≅    10 with the increase of the lens curvature 
radius. Then, this increase slows down, and acoustic focus distance 
gradually approaches near fi eld limit. The same phenomenon applies 
to the focal zone diameter. There is no reason to make a focused probe 
with a focal zone diameter more than half of the beam diameter in the 
near fi eld zone. 

 As an example, Figure  9.10  illustrates the practical limitations of 
a spherical lens radius for a transducer diameter of 25.4   mm with fre-
quency 2.25   MHz. The beam diameter at the near fi eld is 3.1   mm. 

Figure 9.8     Beam diameter at near fi eld versus crystal diameter.  
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Figure 9.10     Beam diameter versus spherical lens radius.  
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9.3. Straight Beam Spherical Focused Probe Design 231

Therefore, there is no reason to make the transducer with a spherical 
lens curvature radius more than 40   mm. At this radius, the beam diam-
eter is approximately 1.77   mm. 

 To achieve the smallest possible focal zone diameter, the crystal 
diameter should be as large as practically possible, and the transducer 
frequency should be selected as high as possible. 

 As a rule of thumb, the acoustic focus distance is  Fa     ≅    (0.8    ÷    0.9) Fg , 
depending on frequency. Then, after defi ning the lens curvature radius, 
the acoustic focus distance can be calculated by using the equation

    F R
V

V

k

r

a l
w

l

≅
−⎛

⎝⎜
⎞
⎠⎟

+

1

1 λ
,     (9.13)  

  where    λ          =    wave length, mm  

   k          =    coeffi cient.    

 Acoustic focus distance should be calculated for at least two appropri-
ate frequencies. 

 Defi ning focal zone diameter  d  and length  l  by using the following 
formulas will complete the calculations:

    d
F

r
l

F

r
a a= = ⎛

⎝⎜
⎞
⎠⎟

λ λ
2

4
2

2

.

 These equations give values of  d  and  l  for a  − 6   dB level from the 
maximum signal amplitude in water, for the free fi eld.  

9.3.3. Example of Focused Immersion Probe 
Calculation with a Single -Surface Lens 

 Let us calculate the focused immersion probe for the inspection param-
eters (Figure  9.11 ):

•      water path L    =    25.4   mm    

•      acoustic focal distance in steel  Fm     =    44.45   mm  
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232 CHAPTER 9 Immersion Method Inspection

•      velocity in water  Vw     =    1.49   mm/ μ s  

•      L - wave velocity in steel  Vm     =    5.85   mm/ μ s    

 The calculation is performed for two transducers with  r1     =    12.7   mm 
and r2     =    19.05   mm and frequencies  f1     =    2.25   MHz and  f2     =    5.0   MHz. 

 The acoustic focal distance in water, to satisfy the inspection 
parameters, should be

    F L F
V

V
a m

m

w

= + = + =25 4 44 45
5 85

1 49
200. .

.

.
.mm

 The geometrical focal distance in water can be approximately calcu-
lated as

    F R Kg l g= × .

  Coeffi cient  Kg     =    2.22 is from the graph (Figure  9.9 ) for coeffi cient 
k     =    7. 

Figure 9.11     Focused immersion probe parameters for straight beam inspection.  
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9.3. Straight Beam Spherical Focused Probe Design 233

 Then, the lens curvature radius can be calculated for the given lens 
radii:

    R k rl = × .

r1     =    12.7   mm     r2     =    19.05   mm  

Rl1     =    7    ×    12.7    =    89   mm     Rl2     =    7    ×    19.05    =    133   mm  

Fg1     =    89    ×    2.22    =    196   mm     Fg2     =    133    ×    2.22    =    295   mm  

r1     =    12.7   mm      r2     =    19.05   mm  

f     =    2.25   MHz, 
λ     =    0.662   mm  

Fa1     =    108.5   mm     Fa2     =    162.2   mm  

f     =    5.0   MHz, 
λ     =    0.298   mm  

Fa1     =    143.5   mm     Fa2     =    214.5   mm  

 The acoustic focal distance in water for the two frequencies is 
(coeffi cient  k     =    7) 

 Finally, the focal zone diameter  d  and length  l  at the level of  − 6   dB 
should be calculated. 

Fa1       Fa2

d1       l1       d2       l2

f     =    2.25   MHz, 
λ     =    0.662   mm  

  2.83   mm    48   mm    2.83   mm    48   mm  

f     =    5.0   MHz, 
λ     =    0.298   mm  

  1.68   mm    38   mm    1.68   mm    38   mm  

 The diameter of the focal zone remains the same in steel as in water, 
due to the fact that the wave length increases proportionally to Vm / Vw

and Fa /2 r  decreases in the same proportion. 
 The length of the focal zone does not remain the same in steel. It 

reduces proportionally to Vm / Vw  because the wave length increases 
proportionally to Vm / Vw . At the same time,  Fa /2 r  decreases proportion-
ally with the square of this ratio. 

 Therefore, the length of the focal zone will be  lm     =    48/3.93    =    9.7   mm 
for 5.0   MHz probe, and  lm     =    48:3.93    =    12.2   mm for a 2.25   MHz probe. 
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234 CHAPTER 9 Immersion Method Inspection

 Thus, a focused probe with the crystal diameter 38.1   mm and a 
frequency of 5.0   MHz will completely satisfy the inspection require-
ments. A probe of the same diameter and a frequency of 2.25   MHz can 
also be used, but the water path should be reduced by approximately 
12.5   mm. 

 Keeping in mind that the water path has a minimum value,

    L F
V

V
m

w

m
min .=

 In our case, the minimum water path is

    Lmin .
.

.
. .= =44 45

1 49

5 85
11 3 mm

  Thus, to reduce the water path to 12.5   mm is possible. 
 This method of calculation can be applied when designing a focused 

probe for inspection of a test object with a curved surface, concave or 
convex, if the radius Ro  of the object is much more than the probe ’ s 
crystal radius. However, a correction is needed, if the ratio  Ro / r     ≤    10 
(approximately).

 It is a good practice to visualize the acoustic fi eld of the designed 
focused probe after its fabrication. This can be done by scanning the 
probe in an immersion tank, using a target such as a thin wire or a small 
ball. The parameters that should be determined are the acoustic focal 
distance Fa , length  l  and diameter  d  of the focal zone. The focal zone 
diameter can be calculated after the focal zone length is measured by 
using the following equation:

    d
l r

Fa

= ×
2

.     (9.14)   

 As an example, in Figure  9.12  ,  the acoustic fi eld of a focused transducer 
is shown. The transducer crystal diameter is 19.0   mm, and the nominal 
frequency is 5.0   MHz. This transducer ’ s design parameters are:

•      acoustic focal distance  Fa     =    38.1   mm,    

•      focal zone length  l     =    4.8   mm, and  

•      focal zone diameter  d     =    0.62   mm.    
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9.3. Straight Beam Spherical Focused Probe Design 235

 The measured parameters are 

•      acoustic focal distance  Fa     =    39.24   mm,  

•      focal zone length  l     =    7.7   mm, and  

•      focal zone diameter  d     =    0.76   mm.    

 One can see that calculated and measured parameters are close enough. 
The deviation of the parameters can be explained by the infl uence of 
the pulsed mode of operation of the ultrasonic instrument. The length 
of the focal zone increases and becomes asymmetric, the maximum 
signal amplitude of the zone is shifting out of the transducer, and the 
focal zone diameter is also increasing.     

Figure 9.12     Screen capture of the acoustic fi eld of a focused transducer.  
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  CHAPTER 10

Technique Development 

and Probe Design for 

Reactor Pressure 

Vessel Nozzle Inner 

Radius Inspection     

    10.1. INSPECTION ZONE CONFIGURATION 

 Inspection of the inner radius zone of a  reactor pressure vessel  ( RPV ) 
nozzle for radial crack detection is one of the unique applications for 
ultrasonic inspection. The nozzle and the vessel are two cylinders per-
pendicular to each other. In most RPV designs, these two cylinder 
intersections are joined by welding. This creates blended zones in the 
shape of a saddle - like surface. In other RPV designs, the  “ blended 
zone ”  is machined as part of the nozzle (Figure  10.1 ).   

 The section of the inner radius inspection zones in the elevation 
view is shown in Figure  10.1 . The inner nozzle radius zone 1, represent-
ing the corner, is the most diffi cult to inspect. 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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238 CHAPTER 10 Reactor Pressure Vessel Nozzle Inner Radius Inspection

 To detect possible fl aws located in the inner radius zones, the 
inspection can be performed from the nozzle ’ s outer or inside surfaces. 
These inspections have to be performed according to the requirements 
of the American Society of Mechanical Engineers Boiler and Vessel 
Code, Section XI.  

10.2. INSPECTION FROM THE OUTSIDE NOZZLE 
SURFACES: CONTACT METHOD 

 The ultrasonic inspection of zone 1 is complicated by the fact that each 
point of the outside blended surface is oriented differently relative to 
the vessel and the nozzle coordinate system (Figure  10.2 ). This leads 
to a constant redirection of the sound beam with respect to the inner 
radius inspection zones during scanning.   

 Single crystal angle beam probes are usually used for this inspec-
tion. Calculation of the inspection and wedge parameters is compli-
cated due to the shape of the blended zone. 

 Performing a ray tracing starting at the fl aw to the probe and cal-
culating the refracted and skew angles of the wedge manually are a 
diffi cult and very time - consuming process. Mathematical modeling 
speeds up this process and makes it much more reliable. Several com-
panies, such as  Electric Power Research Institute ( EPRI ), Weidlinger 

Figure 10.1     The inner radius inspection zones.  
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Figure 10.2     The coordinate system of a nozzle and a reactor pressure vessel.  
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Associates, and Westinghouse Electric, developed and use computer 
models.

 For example, the computer model WARay3D developed by 
Weidlinger Associates, fi rst of all, generates a 3D model of the nozzle 
to be inspected. The coordinate system of the nozzle and the RPV bring 
together fl aw and probe positions. These positions will be defi ned by 
using, for example, the Z - axis and the angles  β  and  Δ  (Figure  10.2 ). 

 The next step in modeling is to create the fl aw models (Figure 
 10.3 ), which should be located in the inspection zone. These fl aw 
models are used for performing ray tracing from the fl aw to the outside 
surface of the zone to be scanned.   

 A common inspection procedure usually defi nes the preferable 
angle of attack β1  for radial fl aw detection. The misorientation  δ  and 
skew  γ  angles should not exceed approximately  ± 20 ° . The position of 
the angles is clear from Figure  10.3 . The computer model offers the 
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240 CHAPTER 10 Reactor Pressure Vessel Nozzle Inner Radius Inspection

opportunity to choose the best possible combination of the angles in 
order to achieve reliable inspection results. The selection is based on 
an analysis of each ray as it returns from the fl aw model to the outer 
blended surface. The location and orientation of each ray with respect 
to the blended surface is defi ned by the angle of attack and by the skew 
and misorientation angles. The selected values of the angles are used 
for a wedge design. 

 Clearly, the best possible fl aw detection results will be achieved 
when the central ray R  of the refracted beam is located in plane OABC, 
which is perpendicular to the plane of the fl aw model. In this case, the 
skew angle  γ  and the misorientation angle  δ  are equal to zero.  

10.3. EXAMPLE OF WEDGE DESIGN FOR INNER 
RADIUS INSPECTION FROM THE OUTER SURFACE 

 Figure  10.4 A shows the positions of probe 1 on the nozzle outer blend 
surface and fl aw model 2 on the inner radius surface. Obviously, the 
refracted angle β1  and the skew angle  γ  have to be calculated prior to 
the wedge design. The results of the calculations are the wedge angle 

Figure 10.3     The inspection angles and a crack model.  
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and ±  skew angle, because the scans need to be conducted in the two 
opposite directions, clockwise and counterclockwise.   

 Figure  10.4 B shows the position of the wedge W with the trans-
ducer T  on the outer blend surface BS. The wedge exit point  c  has to 
coincide with the blend radius R . 

 The conceptual wedge design is shown in Figure  10.4 C. The wedge 
blank is a round bar in order to reduce the wedge noise, machined of 
Plexiglas or the other wedge material in order. The wedge centerline 
CL does not pass though the probe exit point  c . The distance between 
them is  h . The skew angles  +γ  and  −γ  defi ne two lines, a - a and b - b, as 

Figure 10.4     Sketches relevant to probe design for inner radius inspection. (A) Position 
of probe 1 on nozzle outer blank surface and flaw model 2; (B) position of wedge W with 
transducer T on the blend surface BS; (C) conceptual wedge design.  
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axis for cutting the wedge radius equal to the blend radius R . Thus, two 
wedges have to be used to inspect the nozzle inner radius in both direc-
tions. An example of a conceptual wedge design is presented in Figure 
 10.5 .   

 Assuming that the calculations, which are performed by the com-
puter model, determine the following wedge parameters:

   the refracted angle 63 ° S and  

  the skew angles  ± 24 ° .    

 Thus, the angle of incidence is  α     =    49 ° . The crystal diameter is 12.5   mm. 
The transducer housing diameter is d     =    14.5   mm. The nozzle outside 
blend radius is R     =    38   mm. The following wedge dimensions have to 
be determined (Figure  10.5 ):

   the distance  h  between the exit point and the centerline of the 
wedge

  the wedge diameter  D

  the wedge height  H .    

 The design begins by drawing a line at the angle of incidence  α , which 
indicates a beam center ray. The point o represents the exit point. The 

Figure 10.5     Example of a wedge calculation.  
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circle at radius R , which was drawn through point o, represents the 
section of the blend surface. The dashed lines indicate the beam diam-
eter. The distance  Y  has to be suffi cient to prevent the transducer from 
touching the blend surface. In this case, Y     =    20   mm. The simple calcu-
lation is then performed. 

 The distance  X  is

    X Y= × = × =tan tan . .α 20 49 23 0 mm

 The distance  x  is

    x
d= × = × =
2

14 5

2
49 4 75cos

.
cos . .α mm

 Let us choose the wedge diameter  D     =    38   mm as the fi rst approxima-
tion. Then the distance  h  is

    h X x
D= + − = + − =
2

23 4 75 19 8 75. . .mm

 The minimum wedge height is  H     =    25.5   mm. 
 The fi nal wedge design is shown in Figure  10.6 , and a photo of the 

wedge with the transducer is shown in Figure  10.7 .    

10.4. INSPECTION FROM THE INSIDE NOZZLE 
SURFACE: IMMERSION METHOD 

 The nozzle inside the corner region is at the intersection of a large 
vertical cylinder and a small horizontal cylinder, producing a bent 
saddle - shaped corner region, torus, wherein the angle of the corner  δ   
(Figure  10.1 ) can vary from 90 °  up to approximately 130 °  depending 
on the radial displacement from the axis of the nozzle in the plan view 
(angle Δ  in Figure  10.2 ). 

 The ultrasonic examination concept of the inner radius zone 1 
consists of insonifying this region from the adjacent surfaces, not from 
the radius surface itself  [45, 46] . This leads to a system design incor-
porating two separate transducers (Figure  10.8 ). One of these (transmit-
ter T  )  is located on the side of the nozzle bore surface; the other 
(receiver R ) is located on the side of the boss surface. The system is 
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Figure 10.7     The wedge with the transducer.  

Figure 10.6     Example of the wedge design.  
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asymmetric due to the asymmetry of the nozzle inner radius region 
itself. Ray tracing has to be calculated separately for both the transmit-
ter and the receiver. The central ray from point 1 of the transmitter 
refracts at point 2 of the bore surface, and has to be oriented to the 
curved corner, formed by the plane of the fl aw and the surface of the 
inner radius (shooting from down up to point 3).   

 The refl ected ray from the fl aw ’ s corner trap strikes the boss surface 
at point 4 (directed from up down), refracts to water, and orients toward 
point 5 of the receiver. 

 The main purpose of the transmitter path calculation is to determine 
the refracted angle and the orientation of the central ray for different 
fl aw positions. The main purpose of the receiver path calculation is to 
determine the position and orientation of the receiving transducer, 
which will be more suitable for receiving the ultrasonic rays from radi-
ally oriented refl ectors in the elevation and plan views. 

 Figure  10.9  shows the transducer ’ s delivery system. The smaller 
transducer (on the left) is the transmitter. The larger transducer on the 

Figure 10.8     Conceptual design of an inner radius immersion technique inspection from 
the inside of the nozzle.  
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right is the receiver. The system is required to  “ track ”  the torus shape 
of the inner radius region. This action is provided by a computer -
 controlled coordinated system when the transducer ’ s assembly rotates 
around the nozzle.   

 The other zones of the inner radius region connected to zone 1 can 
be inspected by one of the near surface testing methods; for example, 
see the method described in Reference  47 .    

Figure 10.9     Actual transducer delivery system. Reprinted by permission of 
Westinghouse Electric Company LLC.  
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  CHAPTER 11

Search Unit 

Functioning Test     

     Generally, a new fabricated ultrasonic search unit is evaluated by the 
manufacturer and a test report is included with the search unit. It is a 
good practice to perform a review of this search unit as an incoming 
control before use. Both these evaluations should be performed accord-
ing to an  American Society for Testing and Materials  (ASTM) standard 
or the other industry regulations. 

 A search unit functioning test consists of two measurements:

1.     the measurement for evaluating certain characteristics of ultra-
sonic search units and  

2.     the measurement for obtaining the specifi c parameters of the 
selected ultrasonic search units.     

   11.1. EVALUATION OF CERTAIN 
CHARACTERISTICS OF A SEARCH UNIT 

 Evaluation of the certain characteristics of ultrasonic search units has 
to be performed in accordance with the ASTM E 1065 - 08 Standard 
Guide for Evaluating Characteristics of Ultrasonic Search Units. 

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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248 CHAPTER 11 Search Unit Functioning Test

 This guide provides a description of the measurement procedures 
for evaluating the certain characteristics of each unit, which may be 
used to defi ne their acoustic responses. The obtained data should 
verify the designed characteristics of the search unit. There are many 
characteristics that describe probe performance. Some of these are only 
necessary for a probe designer to assess the correctness of the design 
parameters. For practitioners, not all but several main  parameters are 
important.

 Modern equipment and its software permit to perform and design 
an evaluation report that can include as much information of a search 
unit, test instrumentation parameters, and reference/test blocks as 
desirable.

 The basic parameters to measure are 

  peak frequency, MHz;  
  center frequency, MHz;  
  bandwidth, %;  
  sensitivity, dB; and  
  waveform duration,  μ s.    

 The measured peak frequency (maximum frequency response) is to be 
compared with the nominal (designed) frequency of the search unit. 
The center frequency, which is the center of the bandwidth limits (at a 
specifi ed dB level) can also be used for this comparison. In both cases, 
for the standard search units, the tolerance of ± 10% from the nominal 
frequency is acceptable. It is preferable that both frequencies, peak and 
center, should be equal. There is no tolerance for this parameter. 

 The bandwidth is a critical parameter to obtain desirable resolution, 
but deviation from nominal at  ± 10% will not infl uence the probe 
performance.

 One of the parameters to be included in the evaluation report is a 
pulse echo sensitivity. It shows the ratio in dB between the voltage 
applied to the crystal and the voltage received from a target. This is 
one of the indicators of the probe quality and, especially, of the match-
ing layer ’ s conformity to the design. 

11.1.1. Defi nition and Examples of Bandwidth 

 The graphs in Figure  11.1  represent a typical screen capture obtained 
during the probe evaluation. On the left side are illustrations of 
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11.1. Evaluation of Certain Characteristics of a Search Unit 249

time response , and on the right side are illustrations of  frequency 
response .   

Time response  is the waveform received from a specifi ed refl ector. 
It is a plot of signal amplitude versus time. From this response the 
waveform duration and frequency can be measured. It is also the basis 
for bandwidth parameter evaluation. 

Frequency response , or frequency spectrum, is a plot of a signal 
amplitude versus frequency. The bandwidth parameters and sensitivity 
are calculated from this response. 

 In practice, two levels of transducer bandwidth are common: a 
broadband and a narrowband. The level of the bandwidth is defi ned by 
the mechanical damping of the piezoelectric element. 

 The three levels of damping are known as low, medium, and high. 
The measure of the damping characteristics is the number of cycles in 

Figure 11.1     Time response and frequency response examples. (A) Medium damped 
transducer BW     =    36%, (B) high damped transducer  BW     =    73.5%.  
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250 CHAPTER 11 Search Unit Functioning Test

the waveform of the time response. The correlation between the number 
of cycles and the bandwidth is not strictly defi ned. Table  11.1  presents 
the average numbers of cycles and the bandwidth percentage related to 
different levels of the damping.   

 Figure  11.1 A shows the evaluation results of a transducer with a 
bandwidth of 36%, and Figure  11.1 B shows those of a transducer with 
a bandwidth of 73.5%.   

11.2. MEASUREMENT OF SPECIFIC PARAMETERS 
OF SELECTED SEARCH UNITS 

 The specifi c parameters to be measured depend on the end use of the 
search unit. 

 Typically, the specifi c parameters of a selected ultrasonic search 
unit includes 

1.     the exit point and the refracted angle of a single or dual angle 
beam probe;  

2.     the depth of the ultrasonic beam ’ s intersection point for a contact 
dual straight and angle beam probe, and other parameters for 
the construction of the sensitivity curves; and  

3.     the focal distance and the parameters of the focal zone for 
immersion - focused transducers.    

 Any commercial ultrasonic instrument can be used to perform these 
measurements.

Table 11.1 

Damping and Bandwidth Parameters 

   Parameters     Levels of damping  

   Low     Medium     High  

  Number of cycles    5 – 6    3 – 4    1 – 2  

  Bandwidth, %    less than 30    40 – 60    More than 60  

  Bandwidth defi nition    Narrowband    Broadband  
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11.2. Measurement of Specifi c Parameters of Selected Search Units 251

 Several test or reference blocks can be used for these measurements 
and evaluation. 

11.2.1. IIW Reference Blocks 

 The most common reference block used for measuring the probe ’ s 
exit point and refracted angle is the IIW Reference Block Type 1 or 2 
 [48, 49] . 

 The IIW Reference Block is designed for the evaluation of a search 
unit as an individual component, as well as for the determination of the 
operating parameters of an ultrasonic test instrument or system. These 
blocks are relatively complicated and not convenient to use. Figure  11.2  
shows the various setups for evaluating search units using the IIW Type 
1 Reference Block.   

 Some problems with these blocks have been known in the ultra-
sonic  nondestructive testing  ( NDT ) profession for a long time. The 
main problems are inconsistency in the probe exit point position and 
refracted angle measurements when measured using different IIW 
blocks. The Material Science and Engineering Laboratory of NIST 

Figure 11.2     Setups for evaluating search units using the IIW Reference Block. (1) 
Setup for the evaluation of a single straight beam transducer with a wear plate, (2) setup 
to defi ne the exit point of an angle beam probe, (3 and 5) setups to measure the refracted 
angle of a 60 °  angle beam probe, (4 and 6) setups to measure the refracted angle of a 45 °
angle beam probe, (7) setup to measure the refracted angle of a 70 °  angle beam probe.  

Acrylic insert2

0

3 4

5 6 7
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prepared a presentation for the ASTM New Methods Seminar EO - 7.98 
describing the problems with these blocks  [50] . The main conclusions 
are

  Speed of sound and attenuation properties of the IIW type blocks may 
vary signifi cantly. Manufacturers can make blocks without regard to 
microstructure, such as grain size, texture, dislocation density, etc., 
which depends on rolling direction, thickness and thermo - mechanical 
treatment of steel.

ASTM E164 - 08 states, that  “ unless otherwise specifi ed, low carbon 
steel such as UNS G10180 is suggested. ”  Otherwise,  “ material must be 
selected by the using parties.   

 It also does not stipulate the requirements and tolerances of the sound 
velocity and attenuation in the reference block metal (steel, stainless 
steel, or aluminum). 

 Accuracy of the measurements is infl uenced by these 
inconsistencies.

 Several IIW blocks, fabricated by different manufacturers, were 
evaluated to assess the problem. Three standard angle beam probes with 
refracted angles of 45 ° S, 60 ° S, and 70 ° S were evaluated. 

 The results are summarized in Figure  11.3 . The deviation is signifi -
cant, especially for probes that create ultrasonic beams with near 70 ° S 
refracted angles.   

 Older IIW blocks included an acrylic (Perspex, Plexiglas) insert. 
The main reason for this insert was to provide a simulated ultrasonic 
dimension of 2.00 inch in steel (in the English version of the block, 
the thickness of the insert is 0.923 inch). There were other applications 
for the insert, for example, a measure of the aging of the crystal or 
loss of sensitivity. The block was internationally standardized in 
1972.

 Nowadays the insert is obsolete. Some manufacturers consider the 
insert optional. The unplugged hole is used for refracted angle measure-
ment. Some users consider the hole very handy to carry this heavy 
block.

 The relatively new standard for this block EN 12223 (1999) does 
not include the requirement for the acrylic insert. At the same time, an 
acrylic insert or a separate Plexiglas block is useful for the evaluation 
of straight beam transducers intended for use with wedges, and many 
transducers’  manufacturers use the insert for this purpose.  
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11.2.2. Additional Test Blocks 

 The problems with IIW blocks can be partly avoided by using simpli-
fi ed test blocks. The intention of one of these test blocks (Figure  11.4 ) 
is to make the simplest possible block for limited search unit evalua-
tion. This test block, machined from the specifi c grade of steel, is 
“ universal ”  in a sense that it can be used for the evaluation of almost 
all sizes of contact search units: Its width is twice the thickness of the 
IIW Type 1 block. This test block is very simple and recommended for 

Figure 11.3     Deviation of the exit point of probes, measured on different reference 
blocks.
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Figure 11.4     Simple test block for evaluation of straight and angle beam probes.  
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Figure 11.5     Test block for the evaluation of a single straight beam transducer with a 
matching layer for a Plexiglas wedge.  

Transducer
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Figure 11.6     Small tank for the evaluation of immersion transducers.  
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the evaluation of single and dual angle beam probes when measurement 
of the refracted angle is not required. It can be used as well for a single 
straight beam probe evaluation.   

 The other useful test block is a plate of Plexiglas or other wedge 
materials with an attached cork layer (Figure  11.5 ). This block should 
be used for the evaluation of a straight beam transducer with a matching 
layer for a given material.   

 It is very handy to use a small immersion tank for the evaluation 
of fl at and focused immersion transducers with diameters up to 12.7   mm 
and with frequencies up to 10   MHz (Figure  11.6 ). A fi xture is placed 
inside the tank, with different diameter holes for a variety of transducer 
diameters, and different water paths.       
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APPENDIX A

System of Units and 

Symbols That Are 

Accepted for This Book     

     From seven base units in the International  System of Units  ( SI ), we 
used only three:

   length — meter (m);  

  mass — kilogram (kg); and  

  time — second (s).    

 From many derived units and units outside the SI, the following are 
used:

   area — square meter (m 2 );

  velocity — meter per second (m/s);  

  volume — cubic meter (m 3 );

  mass density — kilogram per cubic meter (kg/m 3 );

  frequency — hertz (Hz); and  

  sound pressure — bel (B).    

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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258 APPENDIX A System of Units and Symbols

 Some of these units are too large or too small for practical application 
when describing the data of results, obtained during experiments. So, 
the following units with prefi xes are used:

   length — mm;  

  mass — g;  

  time —  μ s;  

  area — mm 2 ;  

  velocity — mm/ μ s;  

  volume — mm 3 ;  

  mass density — g/cm 3 ;  

  frequency — MHz; and  

  sound pressure — dB.    

 The following symbols, summarized in Table  A1 , are used.   
 Conversion of metric to English units and English to metric units 

is presented in Table  A2 .        

Table A1

    Terminology     Symbol     Unit  

  Angles    Incident     α     degree  

      Refracted     β       

      Attack    β1       

      Other     γ ,  δ ,  φ ,  δ ,  θ ,  ϕ       

  Area        S    mm 2

  Coeffi cient of 
attenuation

       δ       

  Diameter      D ,  d   mm  

  Frequency      f   MHz  

  Gain         –     dB  

  Length        L, l    mm  

  Mass density         ρ     mm/cm 3

  Near fi eld      N   mm  

(Continued)
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Table A2

   Measure     Metric to English units     English to metric units  

  Linear    1   mm    =    0.0394 in    =    39.4   mi    1 in    =    25.4   mm  

  Area    1   mm 2     =    0.00155   in. 2     1 in    =    645.16   mm 2

  Volume    1   cm 3     =    0.061 in. 3     1 in 3     =    16.383   cm 3

  Mass    1   kg    =    2.205   lb    1   lb    =    0.4536   kg  

  Mass density    1   g/cm 3     =    0.361   lb/in 3     1   lb/in 3     =    27.7   g/cm 3

  Velocity    1   mm/ μ s    =    39.4   mi/ μ s    100   mi/ μ s    =    3.94   mm/ μ s  

    Terminology     Symbol     Unit  

  Radius      R , r    mm  

  Signal amplitude        A    %  

  Time         τ      μ s  

  Thickness, distance      T ,  H ,  h ,  d   mm  

  Velocity      V   mm/ μ s  

  Wave (mode) type    Longitudinal    L      

      Shear    S      

Table A1 

(Continued)
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APPENDIX B

American Societies 

Engaged in Activities 

Related to Nondestructive 

Testing and Serving 

the Needs of NDT 

Professionals    

  The  American Society for Testing and Materials  ( ASTM ) is the stan-
dards development organization. The ASTM publishes books of stan-
dards each year. 

 The following Standard Practices from the  Annual Book of ASTM 
Standards , Section 3, Volume 03.03, Nondestructive Testing, 2010, 
were referenced or quoted in this book:

   E 114 - 10. Standard Practice for Ultrasonic Pulse - Echo Straight -
 Beam Examination by the Contact Method  

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.
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262 APPENDIX B American Societies Engaged in Activities

  E 164 - 2008. Standard Practice for Contact Ultrasonic Testing of 
Weldments  

  E 494 - 2005. Standard Practice for Measuring Ultrasonic Velocity 
in Materials  

  E 587 - 10. Standard Practice for Ultrasonic Angle - Beam Contact 
Testing  

  E 664/664M - 10. Standard Practice for the Measurement of the 
Apparent Attenuation of Longitudinal Ultrasonic Waves by 
Immersion Method  

  E 1065 - 08. Standard Guide for Evaluating Characteristics of 
Ultrasonic Search Units  

  E 1316 - 10b. Standard Terminology for Nondestructive Examinations. 
Section I:  Ultrasonic Testing  ( UT ) Terms.    

 The  American Society for Nondestructive Testing , Inc. ( ASNT ) is a 
technical nonprofi t organization that serves  nondestructive testing  
( NDT ) professionals. The main ASNT activity is to provide technical 
information and training materials for the qualifi cation and certifi cation 
of NDT personnel. The ASNT publishes technical journals and books:

Materials Evaluation

Research in Nondestructive Evaluation

NDT Handbook

Recommended Practice SNT - TC - 1A

ASNT Standard for Qualifi cation and Certifi cation of NDT Personal 
(CP - 189)

 The  American Society of Mechanical Engineers  ( ASME ) is the profes-
sional organization that serves mechanical engineers. It provides codes 
and standards for the fabrication of mechanical equipment. 

 From many codes published by the ASME, for NDT professionals 
working in the energy producing industry, the most important is the 
international Boiler and Pressure Vessel Code. This code establishes 
rules for the inspection of boiler and pressure vessel parts, including 
mechanisms of nuclear power plants. Sections of this code, related to 
NDT, are 
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  Section III. Rules for Construction of Nuclear Power Plant 
Components

  Section V. Nondestructive Examination  

  Section XI. Rules for Inservice Inspection of Power Plant 
Components

  Section V. It provides recommendations for each of the nondestruc-
tive methods, including the ultrasonic method, which are refer-
enced by other sections in the code.    

 This section provides requirements for search units such as nominal 
frequencies, refracted angles, and bandwidth for different ultrasonic 
techniques and different test objects such as weld joints, bolts, and 
studs.

 Appendix VIII of Section XI provides requirements for perfor-
mance demonstration for ultrasonic inspection. Among other things, 
this appendix specifi es requirements for different types of search units, 
including essential variable tolerances. It also provides requirements 
for qualifi cation test specimens, which can serve as calibration 
standards.

 For example, it specifi es maximum notch dimensions for bolt and 
stud test specimens:

   If the bolt or stud diameter is greater than 4   in. (101.6   mm), the 
depth of the notch is 0.157   in. (3.98   mm) with a refl ective area of 
0.059   sq in. (38   mm 2 ).  

  If the bolt or stud diameter is between 2 and 4   in. (50.8 – 101.6   mm), 
the depth of the notch is 0.107   in. (2.72   mm) with a refl ective area 
of 0.027   sq in. (17.4   mm 2 ).    

 It is interesting to note that the ASME 2007 Section V, Appendix IV, 
describes requirements for in - service examination of bolts that are dif-
ferent from the requirements of Appendix VIII of Section XI. Refl ectors 
in the calibration standard shall be straight - cut notches with a depth of 
one thread if the bolt diameter is less than 50   mm, 2.0   mm deep if the 
bolt diameter is between 50 and 75   mm, and 2.5   mm deep if the bolt 
diameter is 75   mm and greater. 

 Note that in the fi rst case, the area of the refl ector is specifi ed, but 
its shape is not. In the second case, the shape of the refl ector is speci-
fi ed but not the area. 
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 This example shows that the technique development engineer and 
probe designer should know, among other things, the requirements for 
the calibration standards in the industry they are working on. 

 The  Institute of Electrical and Electronics Engineers  ( IEEE ) has 
the section  Ultrasonics, Ferroelectrics, and Frequency Control Society  
( UFFC ). The ultrasonic section of this society is responsible for the 
organization of the annual International Ultrasonic Symposium, which 
includes the sections Nondestructive Evaluation and Transducers and 
Sensors. Articles presented in these sections are primarily dedicated to 
theoretical problems in NDT.        
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APPENDIX C

An Example of Applying 

the Third Critical Angle     

     Let us assume that a weld joint has a counterbore with the inclined 
angle γ     =    10 °  (Figure  C1 ). A shallow crack in the heat - affected zone 
has to be detected by using a creeping wave. To generate the creeping 
wave on the surface of the counterbore, the shear wave angle of inci-
dence should be equal to the third critical angle.   

 So, the refracted angle should be

    β α γ= +3CR

    α β= ⎛
⎝⎜

⎞
⎠⎟arcsin sin .

V

V
W

S

 Assuming that the third critical angle is equal to 33 ° , the longitudinal 
sound velocity in the wedge material is VL     =    2.735   mm/ μ s, and the 
shear velocity in the test object metal is VS     =    3.23   mm/ μ s, one can 
calculate the wedge angle:

    α = ⎛
⎝⎜

⎞
⎠⎟ = °arcsin sin

.

.
. .43

2 735

3 23
35 27
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Figure C1     Sketch related to application of the third critical angle.  
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  APPENDIX D

WesDyne International 

Computer Program for 

Lamb Wave Dispersion 

Curve Calculation *      

Ultrasonic Inspection Technology Development and Search Unit Design: Examples of 
Practical Applications, First Edition. Mark V. Brook. 
© 2012 Institute of Electrical and Electronics Engineers, Inc. Published 2012 by John 
Wiley & Sons, Inc.

     The Lamb wave dispersion curve fi gures, presented in Chapter  8 , were 
created by using, let us say,  “ common ”  computer programs. Each of 
the graphs — Phase Velocity, Group Velocity, and so on — were created 
separately. To determine the required Lamb wave parameters, each 
graph has to be displayed on the screen, the cursor placed on the desired 
curve, and the data read using additional manipulations. To make anno-
tation or to edit titles, additional programs, for example Paint, may be 
used. In general, the programs are not user - friendly. 

 WesDyne International created the computer program that elimi-
nates the aforementioned drawbacks and is much more user - friendly 
and time - saving. 

 There are fi ve graphs available to render using this program:

   Phase Velocity  

  Group Velocity  

     *      Reprinted by permission of Westinghouse Electric Company LLC.  
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  Wedge Angle  

  Coeffi cient of Attenuation  

  Particle Displacement    

 Each of the fi rst four graphs has a vertical  “ cursor. ”  The user can move 
this cursor to a desired fd  value location. These graphs also have hori-
zontal cursors that move simultaneously with the vertical cursor and 
indicate the values of the ordinate of each graph. 

 The intersection of these two cursors, marked by a small circle, is 
the “ main cursor. ”  It allows the user to select the current mode as well 
as an fd  position. The main cursor will  “ snap ”  to the desired curve, 
usually on the “ phase velocity ”  graph. Simultaneously, the position of 
the main cursor will appear on the three other graphs at the selected 
mode, and each of the values will be saved and presented in the appro-
priate boxes. At the same time, the curves on the  “ particle displace-
ment”  graph will change. This graph is unique in that it is a slave to 
the other graphs and is re - rendered whenever the  fd  position or the 
current mode is changed by the user. 

 The  “ particle displacement ”  graph has two plots,  “ in plane ”  and 
“ out of plane, ”  graphed against normalized displacement and the nor-
malized thickness of the test object wall. The title of this graph dynami-
cally represents the current mode and the current fd  position. 

 The screen contains all necessary windows and buttons to edit input 
and output parameters. 

 The upper - left corner of the screen contains text boxes that display 
parameters relevant to the current test object and wedge materials. All 
of this information is editable by the user. 

 These parameters are 

  Test object material  

  Thickness of the test object  

  Longitudinal and shear velocities of the test object material  

  Wedge material  

  Longitudinal velocity of the wedge material.    

 To the right of the text boxes is a set of boxes that contains the infor-
mation relevant to the current cursor position, as well as the information 
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of two “ points of interest ”  that the user may have saved. The boxes 
include names of the mode and the values of the following 
parameters:

fd ;  

  Frequency  

  Phase Velocity  

  Group Velocity  

  Wedge Angle    

 The user can set (or replace) the current point of interest information 
with the information from the current cursor location by pressing the 
“ Set ”  button next to either point of interest line. 

 The next set of buttons is  “ Editing buttons ”  (not shown in the 
screen capture). By clicking the  “ Edit Creation Settings ”  button, the 
user can change the current values for the dispersion curve 
calculation.

 By clicking  “ Edit Graph Settings ”  button, the user can change any 
of the graph parameters, including the ability to set the y  - axis minimum 
and maximum for the Phase and Group Velocity graphs. The user also 
has the ability to hide or show many graph parameters, as well as the 
ability to change the colors associated with those elements. 

 By clicking  “ Edit Plot Settings ”  button, the user can edit, for 
example, the color of each curve and write an annotation. 

 Pressing the  “ Create Mode Report ”  button will create a fi le contain-
ing information for all modes for the current fd  position. 

 The upper - right corner of the screen contains a set of  “ radio buttons ”
named “ Display Confi guration ”  (not shown in the screen capture). By 
selecting the button, the user can arrange the screen to show a particular 
set of graphs. Once displayed, the user can change the particular graph 
rendered at a screen location to display the next available graph. 

 For example, the screen confi guration shown in Figure  D1  contains 
the following graphs:

   Phase Velocity    

  Group Velocity  

  Coeffi cient of attenuation due to leakage in water  

  Particle motion    
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 Each of the fi rst three graphs contains four pairs of curves, representing 
the fi rst four pairs of modes. 

 The graphs were created for the test object machined from Inconel 
with a wall thickness of 3.2   mm. 

 The main cursor position is on the S 2  mode curve. Two additional 
points of interest (POI 1 and POI 2) are S 1  and S 0  modes. All informa-
tion obtained is presented in the POI boxes. 

Figure D1     Lamb wave dispersion curves.  
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 The program is based on the following equations that represent 
propagation in a plate symmetric S  and asymmetric  A  Lamb waves: 

    
tanh

tanh

β
α

αβ
β

d

d

k

k
= −

+( )
4 2

2 2 2

    tanh

tanh

β
α

β
αβ

d

d

k

k
= −

+( )2 2 2

24

  where  k  is the Lamb wave number 

    α2 2
1
2= −k k

    β2 2 2= −k kt

  and  kl  and  kt  are the wave number for bulk longitudinal and shear 
waves:

    kl =
+

ω ρ
λ μ2

    kt = ω ρ
μ

      

λ  and  μ  are elastic Lamb constant.

ω     =    2 π / f     =         circular frequency and  

   f     =         transducer frequency.    

 The attenuation due to leakage into water is connected to the ratio of 
particle displacement on both sides of a test object wall. For example, 
in the case of

    
Δ
Δ

⊥
=

= 0,

 the leakage is nonexistent. If

    
Δ
Δ

⊥
=

→ ∞,

 the leakage is maximum.

Δ  ⊥       is out - of - plane particle displacement and  

Δ       is in - plane particle displacement.        
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Glossary of Terms Specifi c 

to This Book     

Acoustic impedance —     The product of material density and ultrasonic 
velocity.  

Angle beam —     The beam axis oriented not perpendicular to the test 
object scanning surface.  

Apparent attenuation —     The observed ultrasonic energy loss during 
wave propagation through the test object material.  

Area of interest —     The section of the test object to be inspected.  

Asymmetric waves —     The Lamb waves with particles oscillating in 
the perpendicular direction along the neutral axis of a plate.  

Axisymmetric waves —     Cylindrically guided waves that cover the 
full circumference of the hollow cylinder.  

Back - wall refl ection —     The signal that represents the refl ection of 
ultrasonic energy from the back surface of a test object.  

Band round wave —     Waves that slide around a cylindrical or oval 
hole in solid media.  

Beam axis —     The acoustic centerline of the main lobe defi ned by the 
locus of points that represent maximum sound pressure.  

Beam spread —      A divergence of the ultrasonic beam as it travels 
through a test object.  

Boundary effect —     The phenomenon where the peripheral ultrasonic 
rays change direction when they impinge on the surface of a test 
object and cause mode conversion.  
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Bulk waves —     A wave propagating in semi - infi nite media.  

Couplant—     A fi lm - forming substance between a probe and a test 
object surface to enhance the transmission of ultrasonic energy 
when using a contact method.  

Critical angle —     A specifi c angle of incidence at which a certain 
mode of propagation “ disappears ”  during refraction or refl ection at 
the interface of two media.  

Cross talk —     The reception of ultrasonic energy by the receiver 
directly from the transmitter in a dual probe due to the breakdown 
of the dividing acoustic insulator.  

Crystal—     The piezoelectric element as a part of the search unit.  

Crystal assembly —     A portion of a transducer that contains the 
crystal, matching layer, backing, and tuning components.  

Damping—     A process of limiting signal duration by mechanical or 
electrical means.  

Dead zone —     A minimum distance after the ring dawns of the crystal 
measured from a surface of the test object after which a refl ector 
can be resolved.  

Decibel (dB) —     A unit of sound pressure measurement.  

Delay line —     A column of substance between the transducer and the 
test object surface.  

Delta TOF —     A difference in time between two consecutive signals.  

Dispersion—     A phenomenon related to velocity dependence of a 
frequency.  

Dual search unit (straight or angle beam) —     A search unit 
containing two crystals located on separate wedges, oriented in the 
same general direction with central ray’s intersection on specifi ed 
depth in a test object.  

Duplex search unit (straight or angle beam) —     A search unit 
containing two crystals located on separate wedges, oriented in the 
same or opposite directions.  

Examination—     A process of nondestructive testing method 
application to inspect a test object.  

Flaw—     A potential defect or synonym of defect.  

Free fi eld —     An acoustic fi eld generated by a transmitter.  
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Frequency response (frequency spectrum) —     A diagram that shows 
signal amplitude as a function of frequency.  

Gliding diffracted waves —     Waves produced by band round waves 
that are used to detect the presence of a discontinuity located in a 
“ shadow ”  zone of a cylindrical refl ector.  

Group velocity —     A velocity of groups of waves formed by the 
superposition of two (or more) waves with slightly different 
parameters.

Hollow circular thin wall cylinder —     A tube that has a ratio of an 
average wall thickness to the mean radius much less than one.  

Imperfection—     A synonym of fl aw.  
Indication—     A response (signal) during an examination that requires 

interpretation and evaluation.  
In - plane particle displacement —     A displacement of particles 

parallel to a plate surface in the case of Lamb wave propagation.  
Inspection—     An observation of a nondestructive testing operation to 

determine any imperfection in the test object.  
Lamb - type guided waves —     An elastic vibration similar to Lamb 

waves. For example, waves propagating in a thin wall hollow 
cylinder.  

Lamb waves —     An elastic vibration propagating in a solid plate with 
free boundaries, for which displacement occurs both in the 
directions of wave propagation and perpendicularly to the plane of 
the plate.  

Lateral wave —     An ultrasonic longitudinal surface and sometimes 
subsurface wave that travels at the shortest path directly between 
two probes when the time of fl ight diffraction forward scattering 
technique is used.  

Lead of a helix —     Length of a cylinder generating line of one 
revolution.

Leakage—     The transmission of ultrasonic energy at the boundary 
between the test object and the environment, for example, water.  

Line scan —     The scan along a straight line without probe indexing.  
Mode—     A type of ultrasonic wave.  
Mode conversion —     A phenomenon of wave propagation related to a 

change of one type of ultrasonic wave to another in the process of 
refl ection or refraction at an interface of two media.  
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Nonaxisymmetric waves —     Localized waves that travel in a double 
spiral pattern along a thin wall hollow cylinder.  

Out - of - plane particle displacement —     A displacement of particles 
perpendicular to a plate surface in the case of Lamb wave 
propagation.

Particle displacement —     An oscillation of particles during wave 
propagation.

Phase cancellation —     A phenomenon based on the fact that Lamb 
wave modes become standing waves at the normal angle of 
incidence. A divided frequency spectrum permits the measurement 
of the resonant frequency.  

Phase velocity —     Propagation of velocity at a constant phase. For 
example, a velocity of the wave crest propagation along a surface 
of a plate (in the case of Lamb wave propagation).  

Probe center spacing —     A distance between exit points of two probes 
oriented toward each other.  

Pulse tuning —     The process used in order to optimize the refl ected 
signal by adjusting the frequency spectrum of the transmitted 
pulse.

Radial vibration mode —     Vibration of the piezoelectric disk in radial 
directions; one of the varieties of area expansion modes.  

Rayleigh waves —     Elastic vibrations propagating along a free surface 
of a solid medium and decaying with depth.  

Sensitivity—     The degree to which a probe responds to incoming 
ultrasonic energy from a refl ector.  

Scanning—     A prescribed route of probe movement relative to the test 
object surface during inspection.  

Scanning surface —     The test object surface from which the 
inspection is performed.  

Sensitivity curve —     A graph showing signal amplitude versus depth 
of refl ector. The apogee of the curve corresponds to the point of 
the acoustic fi eld ’ s maximum energy.  

Tandem probe —     A probe consisting of two wedges with crystal 
assemblies (or transducers). In most cases, the receiver is located 
in front of the transmitter.  

Technique —     A means of conducting an inspection within a specifi c 
method.
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Test —     A procedure of examination and observation.  
Time of fl ight —     The time interval between specifi ed refl ections.  

Time of fl ight diffraction —     A technique that uses tip diffraction 
signals to identify the ends (tips) of a fl aw like a crack.  

Time response —     A diagram that shows a waveform received from a 
specifi ed refl ector as a function of time.  

Triplex probe —     A probe that generates three combinations of modes.  

Wave front —     A continuous surface drawn through the forwardmost 
points of a wave with the same phase.     

NOTE 

 For more common terms, see the latest edition of the  American Society 
for Testing and Materials Standards , Volume 03.03, Nondestructive 
Testing E 1316 Section I: Ultrasonic Examination.         
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Asymmetric modes 9, 171
Attenuation measurement 24

in wedge materials 42–52
Automated inspection (testing) 14, 15, 

25–27,
Axisymmetric waves 177

Back scattering 113, 123–134
Backing material 34, 37
Bandwidth 17, 21, 34, 37, 140, 173, 

248–250, 263
Band round wave 133–134
Best modes 173–174, 178, 186, 195
Boundary effect 10, 135, 141, 163
B-scan 143
Bulk waves 7–8, 134, 165–169

Calibration standard (block) 145, 
157–162, 263–264

Center frequency 35, 40, 140, 248
Coeffi cient of attenuation 45–52, 

174–175, 268, 269
Coeffi cient of transmission 68–69

Index

Acoustic emission testing 1, 5
Acoustic fi eld 17, 27, 52, 57–60, 61, 62, 

65, 78, 81, 114, 124, 125, 197, 223, 
234

Angle beam probe 14–17, 23–25, 
36–38, 54–55, 64, 149, 164–165, 
251–255

single 65–76, 238, 250
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dual duplex 101–102

Angle of attack 115–118
Angle of divergence 58, 60–61, 62, 64, 
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Combined wedges 26–27
Creeping wave 10–11, 114, 124, 
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Crystal (piezoelectric) materials 33, 

35–36
Cylindrical rod inspection 135–162

Damping 34, 140, 249–250
Dead zone 77
Decibel 46–48, 63–64
Delay line 14–16, 20–23, 100
Delta TOFD technique 113
Deviation 66–75, 92, 173, 235, 248, 

252–253
Diffraction 12, 54. See also Time of 

fl ight diffraction (TOFD)
Directional characteristic 17, 57–64,

68, 78
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Dispersion curves 9, 39, 170–173, 178, 

180, 188, 195–197, 207, 210, 
216–217, 267–271
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213–215
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215, 241, 242, 244, 250, 251–253

Far fi eld 58, 60, 62–63
Flexural mode 54, 178

Focal point 224
Focal zone 218–233
Forward scattering 54, 112, 113–118
Free fi eld 60, 63, 108, 138, 231
Frequency response 34, 248–249
Frequency tuning 217, 218

Gliding waves 133–134
Group velocity 10, 167–172,

188–191, 196–201, 208, 
210–213, 267, 269

measurement 189–192, 199–204
Guided waves 8, 10, 136–140, 148, 

164, 165, 175–180, 182–184,
196–199, 203, 204, 215, 217

Head waves 12
Hollow cylinder 10, 117, 118, 122, 

163–218
Horizontally polarized shear wave 7, 8

Imaginary crystal 21–23, 67–68,
78–80, 83

Immersion focused transducer 
(probe) 250

Immersion technique 48, 245
Interchangeable transducers 173

Lamb-type guided waves 10, 165, 
175–177, 180, 195–196, 199, 203, 
204, 217

mode selection 182–184
Lamb waves 8–10, 54, 163–176, 178, 

197, 199, 213, 271
Lateral waves 113–116, 122
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Love waves 12
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Magnetic particle testing 1, 3, 6
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Mirror system 150, 152
Misorientation angle 240
Mode conversion 9, 17–18, 135–136,

163, 170
Multiple crystal probe 99–110

Near fi eld 23, 24, 52, 58–59, 77, 
79, 83, 84, 109–110, 225, 
227–230, 258

Neper 45
Non-axisymmetric waves 165, 177, 189, 

194, 197, 214
Notch area 157–162
Notch refl ectors 31, 157, 158

Oblique incident beam 114, 133

Particle displacement 9, 171, 179–180,
189, 194, 196, 198, 206, 208–209,
268, 271

Peak frequency 248
Penetrant testing 1, 3, 6
Phase velocity 167–174, 178, 180, 181, 

187–189, 194–196, 207, 216–217,
267–269

Phased array probe 14, 36, 88, 89, 99
Piezoelectric crystal (element) 33, 249
Piezoelectric materials 14, 15
Pulse-echo method 149, 201, 248, 

261

Quasi-bent central ray 76

Radial vibration mode 35–37, 54
Radiographic testing 1, 4, 6
Ray tracing 25, 56, 57, 141–142,

154–155, 238–239, 245
 in wedges 104–105

Reference blocks 71, 72, 251–253
Refl ection 4, 9, 17–25, 38–40, 48, 55, 

105–107, 136, 140, 143, 145, 149, 
153, 165, 168, 192, 195, 202, 203, 
208, 214, 221, 222

Refracted angle 7–11, 14–19, 26, 32, 
65, 69–76, 77, 78, 87, 88, 91, 93, 
94, 96, 97, 100–101, 103–108,

115, 118–120, 124, 128, 129, 
130, 134, 147, 152, 167, 220, 
223, 240, 242, 245, 250–255,
263, 265

Refraction 17–19, 22, 92, 222
Rod waves 10, 135–140

Sealed probes 16
Search unit (probe)

Types 13–17
Scanning 3, 4, 14, 15, 55–58, 113, 117, 

126–131, 173, 234, 238
Sensitivity 4, 27, 34, 37, 38, 52, 54, 

81–85, 153, 173, 180, 182, 
248–252

Sensitivity curves 81–82, 85
Shadow technique 149
Shadow zone 134, 150
Shear waves 7–12, 16, 19, 36, 41, 61, 

65, 66, 78, 122–124, 134, 139, 167, 
170–174, 186, 265, 271

Signal shape 175–176
Skew angle 86–88, 91, 96, 238, 

240–242
Snell’s law 10–12, 18, 19, 30, 65, 68, 

70–74, 104, 106, 124, 138, 171, 
223

Spherical aberration 221–223
Stoneley waves 12
Stud inspection 144–157
Surface waves 8, 19, 20, 113, 114, 124, 

171, 216
 probe 27–32

Symmetric modes 171, 173, 174, 178, 
186, 204

Tandem probe 124–129, 133
Test blocks 69, 72–73, 248, 253–255
Thermal infrared 5
Thickness expansion mode 15
Third critical angle 20, 265–266
Time of fl ight diffraction (TOFD) 54, 

111–134
Torsion mode 178, 197
Triplex probe 16, 100–101, 103–110
Tuning components 33, 35
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Ultrasonic testing 1, 4, 6–12, 57

Velocity dispersion 9, 173, 180, 188, 
196, 197, 207, 210, 217

Velocity measurement. See also Group 
velocity, measurement

in metals 38–41
Raleigh wave 216–218
in wedge materials 42–43

Vertically polarized shear waves 7, 8
Visual testing 2, 5

Water gap thickness 215–216
Water-loaded test object 173, 186
Wave front 112, 167–168

Wave modes 48, 62, 101, 111, 114, 
170, 178

Wave propagation 4, 7–10, 17–20,
164–165, 167, 170, 174, 177, 178, 
196–204, 214–216, 218

Wave structure 28, 177
Waveform duration 248, 249
Wedge angle 17, 27, 29–32, 65–73, 80, 

86, 87, 100, 104, 116, 115, 124, 
127, 129, 145, 147, 170–174,
179–184, 187, 189, 195, 197, 202, 
205–207, 240, 265, 268, 269

Wedge noise 24–27, 31, 51, 55, 101, 
102, 107, 241
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