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Preface

Today, the ultrasonic signal is being used for predicting material behavior,
characterizing (detecting internal anomalies in) a variety of engineering structures,
as well as for inspecting human body parts like tumors, bones, and unborn fetuses.
Because of the ever-increasing popularity of the ultrasonic techniques in a wide
range of applications, this technology has received a lot of attention from the
research community. This book presents some new developments in ultrasonic
research for material and structure inspection. Application areas cover both
engineering and biological materials.
Some of the recent advances in the science and technology of ultrasonic NDE
and other areas of research on ultrasonic technology that go beyond the traditional
imaging techniques of internal defects are covered in this book. New inspection and
material characterization techniques applied to engineering structures, as well as
biological materials, are presented here. Ten chapters cover a wide range of
application areas of the ultrasonic technology. From the first chapter the reader will
learn various failure mechanisms associated with different types of engineering
materials and will get an overview of the current ultrasonic NDE/SHM techniques.
This chapter will help to bridge the gap between the materials scientists and the
mechanics community in their understanding and approach to the nondestructive
evaluation and health monitoring of engineering materials and structures. From the
subsequent chapters the reader will learn:
– how to measure and predict the impact damage in composite panels by
analyzing the impact damage generated ultrasonic signals: a combined experimental
and theoretical study of the Lamb wave propagation and generation by the low
velocity impact in composite panels is important for this purpose, and is presented
here in the hope that it will eventually develop an impact monitoring system in the
future;
– how to measure and interpret the ultrasonic properties of soft biological
tissues: scanning acoustic microscopes can measure attenuation and wave speed in
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soft tissues. From these properties the biomechanics of the tissues can be assessed
that might improve our understanding of diseases from a micro-mechanical point of
view;
– how to monitor corrosion and erosion damages in pipelines using cylindrical
guided waves, which guided wave mode is most efficient to detect the wall
thickness reduction over a long range and how to generate this mode in the pipe;
– how to accurately model the ultrasonic field generated by multiple transducers:
in defect detection and health monitoring applications when multiple sensors are
used, the accurate modeling of the ultrasonic pressure and velocity fields in the near
field region is important. The distributed point source method (DPSM) for modeling
the ultrasonic fields including the interaction effects is presented;
– how the ultrasonic wave propagation characteristics, often used for
microstructure inspection, are influenced by the texture. The propagation and
scattering of ultrasonic waves in textured polycrystals are discussed in Chapter 6.
This is important for material microstructure inspection by ultrasonic waves;
– how embedded piezoelectric ultrasonic sensors are used for health monitoring
of large plate type structures. A rigorous study of the interaction between ultrasonic
Lamb waves and embedded piezoelectric wafer active sensors is necessary for this
purpose;
– what is the effect of cracks on the acoustic signal modulation. What material
properties, signal characteristics and crack dimensions affect this modulation. This
study is important for gaining knowledge about the material damage and geometric
non-linearity from the modulation of the signal propagated through the material;
– how to measure the dynamic response of materials using split Hopkinson bars
and what issues are important and how to design the experiments for accurately
measuring these dynamic properties.
It is my hope that both biological and physical science communities will gain
some new knowledge from this book that will stimulate new research resulting in
the development of more innovative ultrasonic technology applications.
I would like to thank the authors for timely submission of their chapters. My
special thanks go to Professor Dominique Placko for encouraging me to take this
project and to the publisher for giving me this opportunity.
Tribikram Kundu
University of Arizona, USA

Chapter 1

An Introduction to Failure Mechanisms
and Ultrasonic Inspection

1.1. Introduction
Future inspections of aerospace systems and other engineering structures are
expected to be based on a combination of non-destructive evaluation (NDE) and
structural health monitoring (SHM) technologies. Here SHM will be employed
online or in real-time to detect damage at a global level and then NDE will be used
to characterize the damage in terms of size and physics of the damage mode (or
failure mechanism). Proper implementation, correct interpretation of the results and
advancement of both these technologies for the analysis of engineering failures will
require a certain amount of understanding of material behavior and material damage
modes. This chapter is written with this in mind and the objective is to give the
reader an overview of various failure mechanisms that can occur in structural
metallic materials and ceramic matrix composites. This is then followed with a brief
discussion of damage detection techniques using ultrasonic waves in metals and
composites. Organic matrix composites have been intentionally omitted due to the
limited scope of the chapter.
Continuous, autonomous, real-time, in-service monitoring of the condition of a
structure with minimum manual intervention is known as structural health
monitoring or SHM. In recent years SHM has received much attention from
different disciplines of science and engineering including NDE. Real-time NDEbased sensing methodologies for structural damage and material state are being
Chapter written by Kumar V. JATA, Tribikram KUNDU and Triplicane A. PARTHASARATHY.
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developed and in order to monitor these states it is important to know what damage
and material states are being sensed and how the material state change may be
progressing. Without such knowledge the sensor output generated during flight or
during system operation may prove to be of little value.
The purpose of this chapter is not to review the SHM-related investigations that
have been carried out so far, but to bridge the gap between the mechanics and
materials community on SHM-related knowledge and understanding. The mechanics
community often fails to see the importance of the type of material used when
designing an SHM system for a specific structural component or material. As an
example, the analysis and design-based on Young’s modulus and Poisson’s ratio
does not necessarily produce two SHM systems for two different materials because
the failure mechanisms for the two materials can be completely different. A good
understanding of different failure mechanisms for various materials is needed for
designing efficient SHM systems for different structural components made of
various types of material. Similarly, it is also important for materials scientists to
understand the basic mechanics behind SHM systems for better communication and
collaboration with the mechanics community. This collaboration is important for
jointly developing appropriate SHM systems. This chapter has been written with this
goal in mind.
1.2. Issues in connecting failure mechanism, NDE and SHM
Microcrack nucleation, macrocrack formation and crack extension are well
understood in metals, ceramics, ceramic matrix composites (CMC), polymer matrix
composites and carbon-carbon (C-C) composites. Most of this understanding is
based on tests on laboratory samples in well controlled environments and many new
materials have been developed in recent years based on such understanding.
However, when alloys are scaled up from laboratory samples to large-scale product
forms or when the environment changes from that of a laboratory to that of a nearoperational environment, an undesired rate of failure progression may occur. The
contribution of materials to this undesired effect can be due to composition and
processing deviations. For example, chemical composition is not as easy to control
in large ingots (e.g. 10,000 lb) as in a small laboratory size ingot (e.g. 100 lb).
Similarly, larger variations in properties occur while processing large ingots during
component manufacturing (e.g. mid-thickness properties can vary substantially from
surface properties). Manufacturing processes can also introduce, for example, tensile
residual stresses or unintentional sharp radii which may curtail ductility or cause
faster crack propagation rates. Fracture modes can thus be different or accentuated
in components as compared to those in the laboratory samples. Life prediction
models also exist for many of the materials to predict their fatigue life in laboratory
setting and to some extent in operational/service environments. Here again, chemical

An Introduction to Failure Mechanisms and Ultrasonic Inspection

3

composition variations, impurity segregation, and manufacturing processes can
introduce large scatter and a reduction in mechanical properties compared to that in
the laboratory samples. This, combined with unanticipated changes or ill-defined
operational environments, can lead to inaccurate estimations of service life.
There is also a lack of connection between different levels of failures: from the
microstructure scale to the mesoscale to the macroscale level. A mathematical
framework and software algorithms are practically absent to connect these various
length scales, thus making it difficult to extrapolate the laboratory observed fracture
from an operating structure or system. So, most of the life prediction approaches are
overly conservative and structures that are employed have large safety margins
resulting in higher weight penalties than desired. In order to reduce the design
margin and to predict life more accurately, in recent years there has been an
increasing emphasis on prognosis of the remaining useful life of components on
physics-based damage models or models-based on microstructure and constitutive
properties. Such approaches are clearly needed to predict not only incipient damage
nucleation and propagation, but also how damage initiated in the first place. Cruse
(CRU1) pointed out that for a better prognosis of the mission capability of a system,
a new paradigm has to be adopted, i.e. characterize the material damage state
awareness rather than find a flaw with NDE. Understanding how the damage has
nucleated and how the damage will propagate under loads and service environment
requires some knowledge of materials behavior and the effect of microstructure
constituents on properties of interest. In the case of prognosis, efforts are underway
to develop life prediction models that incorporate microstructure, physics-based
damage models and crystal plasticity models. Needless to say, there are very few
sensors that can detect or track material state and damage state at a microstructural
level and research is being performed in this area.
Another point to note is that most of the current and proposed structures used for
harsh or extreme environments are quite complex in that not only are the materials
vastly different from each other, but also the assembling methods are uniquely
tailored to the specific operational environment. Many of these materials and
structures are subjected to severe thermal acoustic fatigue environments. The
complexity of materials and operational environment make ultrasonic-based SHM
very difficult, even if ultrasonic sensors that would survive these environments
existed. In the last two years the US Air Force Research Laboratory, Materials and
Manufacturing Directorate has begun to intensely investigate the areas of SHM for
aircrafts, gas turbine engines and space structures including cryotank and thermal
protection structures. Ultrasonic-based SHM research relating to these areas can be
found in the following references [CHA 05, KUN 06, SUN 04, SAT 06]. The reader
is urged to keep in mind that the ultrasonic methods that are used or developed for
NDE inspections, whether it is in a laboratory setting or in the field or depot, cannot
be directly translated into SHM. There are issues and challenges involved in
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transitioning from NDE to real-time SHM. More information on this area is to be
found in [JAT 06].
While many material models have been developed over the past several decades,
without proper detection methods these models will remain underused by designers.
For example, the processing of materials has advanced to such a level, that the
detection of pre-existing flaws in these materials is a real challenge. However,
materials science has evolved over the years in order to be able to link
microstructural features to the initiation and growth of damage. Thus, the
measurement of microstructural features and any change that might occur during
service represent a significant opportunity for the next generation of NDE
techniques. We hope that the knowledge of the physics of failure in materials will
motivate NDE engineers to devise these next generation methodologies and
instrumentation. The first part of this chapter deals with the failure of materials at a
microstructure level that are very small scale events; however, over time these
microscale events ultimately hinder a component from performing its function
through failure. Knowledge of failure mechanisms has been successfully exploited
in developing new materials with improved properties by essentially eliminating or
modifying the microstructural constituents responsible for initiating failures in a
material. In order to assess damage, predict the remaining useful life of a component
and use the entire capability of a given material, it is critical to convey the physics of
failure of the material along with the material constitutive properties to the designers
involved in selecting materials and sizing components. Similarly, to build better
diagnostic systems capable of diagnosing damage at a microstructure level, the
physics of failure needs to be understood because damage nucleates at
microstructure inhomogenity. The smaller the scale of the inhomogenity, the smaller
the scale of the initial damage features. This chapter will attempt to summarize
failure modes in metals and ceramic matrix composites (CMCs) that can be used as
a first step in understanding failure modes and their connection to NDE, and also aid
in developing new sensors to detect damage and aid prognosis methods for life
prediction.
1.3. Physics of failure of metals
1.3.1. High level classification
At a high level, failure in metals or alloys can be broadly classified, as shown in
Table 1.1, under three categories: (I) deformation, (ii) fracture and (iii) material loss.
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1.3.1.1. Deformation
A metallic alloy can fail to perform an assigned function due to excessive
deformation arising either from inferior yield strength at ambient temperatures or
through excessive creep at high temperatures. For instance, the improper selection of
material of higher operational temperatures, which exceed the capability of the
material strength, may lead to failure through deformation. As shown in Table 1.1,
deformation failures depend on either yield or creep phenomenon and are
fundamentally related to stress. Most of the plasticity associated with yield
phenomenon is athermal, whereas in the case of creep phenomenon thermal
plasticity plays a key role. Creep deformation resulting from the applied stress at
high temperatures is a function of time. Many of the components that undergo creep
deformation are therefore designed not to exceed a certain amount of deformation
under a given applied load and over a specified time interval.
1.3.1.2. Fracture
Fracture is a very broad term; however, at a high level it can be classified as
static, dynamic and creep rupture. Static fracture occurs in fracture mechanics
specimens or in uniaxially stressed tensile coupons due to overloads or overstressing the material. Stress is the fundamental parameter that governs static
fracture; cyclic loads are absent in static fracture situations. Total elongation to
failure in a test coupon is a first tier property often measured on inexpensive tensile
coupons. However, fracture toughness, K1c or J1c, is a much more suitable parameter
when designing fracture-critical components as it provides the critical crack size that
the structure can sustain for a given applied stress. In the case of fracture mechanics
specimens, stress is also a fundamental parameter and one can adjust the applied
stress so that the critical crack size is not reached during service in order to prevent a
failure.
Creep rupture is the second major mode of failure that can occur in high
temperature rotating or static components. Rotating engine parts such as turbine
blades are under the influence of centrifugal force at high temperatures for
prolonged periods of time. Excessive creep deformation may initially occur but
continued exposure may lead to creep-rupture, which may be due to either a poor
selection of material or a poor definition of operational environment. Creep rupture
is a design parameter commonly employed in the design of pipes carrying liquid
through a boiler or a nuclear reactor. Stress in the pipe not only reduces the crosssection of the pipe but also promotes the formation of small cavities over a period of
time at the operating temperature. The cavities form either intragranularly or at the
grain boundaries which eventually link up resulting in failure through creep rupture.
The formation of cavities is a thermally activated process.

6

Advanced Ultrasonic Methods for Material and Structure Inspection

1.3.1.3. Dynamic fatigue
Major attention has been paid over the last few decades to the field of fatigue as
the majority of failures (even today) occur under fatigue loading. When a
component is subjected to repeated stress cycles, fatigue failure occurs with cyclic
plasticity accumulation. Fatigue can be simulated by using smooth bars that can be
subjected either to stress controlled fatigue or strain controlled fatigue. Smooth bars
represent failure in the absence of cracks in the structure. In the stress-controlled
fatigue situation (high-cycle fatigue), applied stress is below the yield stress and
very little plasticity is accumulated. In the case of strain controlled fatigue (also
known as low-cycle fatigue), applied stresses are beyond the yield stress of the
material and the accumulated plasticity is considerably higher than that in the highcycle fatigue, resulting in fewer cycles-to-failure. Fatigue crack growth rate tests are
conducted using a fracture mechanics specimen to evaluate the resistance of a
material towards the extension of an atomically sharp crack under fatigue
conditions. In all fatigue situations, the number of cycles and applied stress range
(maximum stress minus minimum stress) play a key role. In the case of the fracture
mechanics approach, the stress intensity range is the parameter that extends the
crack and the fatigue crack growth rates which dictate the remaining life. The
number of cycles-to-failure are calculated for a given crack size to reach a critical
size. The presence of small cracks (equivalent to the size of a microstructure unit
such as grain size) is more detrimental to engine components than aircraft
components and therefore much attention has been paid to studying small crack
behavior in engine component materials. Here stress and the number of fatigue
cycles are first order parameters to be considered.

Deformation

Fracture

Material loss

Yield

Athermal plasticity

f(stress)

Creep

Thermally activated plasticity f(temperature, time, stress)

Static

Athermal/acyclic fracture

Creep
rupture

Thermally activated cavitation
f(temperature, time, stress)
leading to fracture

Dynamic
fatigue

Cyclic plasticity leading to
nucleation/growth of cracks

f(cyclic stress, cycle-tofailure)

Corrosion

Athermal loss of material

f(time, environment)

Oxidation

Thermally activated

f(time, temperature, O2
pressure)

f(stress)

Table 1.1. Classification of failure modes in metallic alloys

An Introduction to Failure Mechanisms and Ultrasonic Inspection

7

1.3.1.4. Material loss
The last failure mode listed in Table 1.1 is the material loss of a metal that can
occur either due to corrosion or due to high temperature oxidation. (In this chapter
the discussion is mostly on corrosion in aqueous environments. Material loss can
occur through erosion, fretting and wear but these mechanisms will not be discussed
here.) Loss of material in a corrosive environment as shown in Table 1.1 is referred
to as general or uniform corrosion and is strongly dependent on the environment and
time of exposure. Often components undergoing such corrosion are either repaired
by grinding out the corrosion, or replaced after a certain amount of material loss
occurs beyond the amount allowed in the material for structural specifications of the
component. The time of exposure to the corrosive environment is a key parameter.
Many other corrosion mechanisms exist that will be discussed in the next level of
failure process. Material loss at high temperatures usually involves material
oxidation. For a first order approximation, material loss by such a mechanism will
depend on the partial pressure of O2 and time and temperature of exposure. Material
loss could be rapid in this situation compared to the corrosion process.
1.3.2. Second level classification
In this section the factors associated with the first level fracture mechanisms –
yield, creep, static fracture, creep rupture, dynamic fatigue, corrosion and oxidation
– are discussed. The goal here is to provide a discussion about the microstructure
parameters that control these material failure modes. As will be mentioned below,
most of the fundamental microstructure parameters such as grain size, strengthening
precipitates and second phase particle content are the dominant parameters.
1.3.2.1. Deformation due to yield
Depending on the service temperature, the two deformation characteristics of a
material that can lead to failure are the yield strength and creep resistance. As
mentioned above, failure in this particular case can mean excessive deformation in
the material and lead to inoperability of the component due to excessive elongation.
If one needs to monitor failures due to excessive yielding then one must monitor
the athermal plasticity of the material in question. From a microstructure point of
view, the logical question then is “what material factors control the athermal
plasticity?”, or “what material factors does one need to sense or monitor as regards
athermal plasticity?”. For traditional structural engineering materials, the yield
strength is inversely proportional to the square root of the grain size (a fundamental
microstructure parameter) through the Hall-Petch relation:

σ y = σ 0 + kd − n

(1.1)
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where σy is the yield strength, σ0 is the yield strength of a single crystal, d the grain
size, k the Hall-Petch coefficient, and n is the Hall-Petch slope, typically equal to
0.5.
In conventional airframe materials such as an aerospace aluminum alloy, the
grain size is controlled by special alloying elements [WAL 89] which have a low
solid solubility limit at high temperatures and hence precipitate out during the
casting of the alloy. Titanium for example is normally added to castings in order to
control the grain size in the casting. Also, very small amounts of grain size
controlling elements such as manganese, chromium, scandium and zirconium are
added to control the grain size and grain shape developed during the primary
processing of commercial aluminum alloys. Zirconium and scandium are the most
effective elements as they form coherent dispersoids, for example: Al3Zr (dispersoid
is a second phase that is dispersed in the matrix). They are also very effective in
preventing recrystallization. The radius (r) and the volume fraction (f) (the fraction
of space occupied by the second phase) of these high melting point dispersoids are
key parameters. In general, the smaller the radius of these particles and the larger
their volume fraction, the smaller the grain size. All modern aerospace Al alloys
contain zirconium, and the aluminum product forms (therefore components) are in
an unrecrystallized form. A rolled thick plate aluminum structure has elongated
grains in the rolling direction. Grain elongation occurs during hot rolling of the cast
ingot into a plate product form. Any deviations from the specified zirconium content
would, for example, lead to an undesirable grain size either in the form of too much
recrystallization or large undissolved zirconium-containing particles.
Apart from the grain size, a second factor that controls plastic deformation is the
presence of second phase particles. As mentioned above, most aerospace alloys have
several different alloying additions to meet strength requirements and to provide the
ability to carry the desired load. The second phase particles that provide this strength
are generally termed as strengthening phases or precipitates. Additions of zinc and
copper in combination with magnesium result in the formation of precipitates that
provide the necessary strengthening in aluminum alloys. Many high strength alloys,
7xxx and 2xxx series (designations classified according to major alloying elements,
7 Mg/Zn, 2 Cu) used in military and commercial aircraft contain these elements.
Dislocations are line defects, whose propagation results in plastic deformation. In a
material with precipitates, the dislocations either cut through these obstacles or bypass them by leaving loops of dislocations around them. When dislocations shear
these precipitates, the strength of a material increases with the increase in volume
fraction and radius of the precipitate. When the sizes of the precipitate exceed a
“cut-off radius” they are too large to be cut by dislocations. Below the cut-off radius,
the precipitates remain coherent with the matrix. When the precipitates grow and
become incoherent with the matrix, they exceed the cut-off radius. This causes
dislocations to bypass the precipitates during deformation, thus resulting in lower
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strength. The strength in the cutting regime (i.e. the regime where dislocation cuts
through the precipitate) is determined by a variety of factors. The most prominent
effect appears from the APB (antiphase boundary) energy in the case of ordered
precipitates. The coherency strain (mismatch in lattice parameter between matrix
and precipitate) plays a significant role in some systems. Other factors include the
volume fraction, size of the precipitates and friction stress in the matrix and
precipitate. Equations describing these multiple effects can be quite complex [PAR
04]. In the case of the bypass regime, the strength is dependent on fewer factors and
can be given as:

σ y = α Gb / l

l = 2r/f 0.5

(1.2)

where l is the distance between precipitates, r the radius of the precipitates, f is the
volume fraction, α a geometrical factor typically equal to 0.5, G the shear modulus
and b the Burgers vector of the dislocation, typically half the lattice parameter.
The second phase/precipitate particles lose their ability to contribute to the yield
strength of the material when they exceed a certain size. In many aluminum alloys,
for example, this loss in strength can occur during prolonged exposures at
approximately 300oF/150oC due to severe coarsening of the precipitates. The
coarsening characteristics at high temperature depend on the individual alloy and the
precipitate-forming elements. Many of the designated tempers (such as T3, T6, T7
and T8) refer to the extent to which the alloys have been aged at temperatures prior
to use. Each temper thus corresponds to a prescribed strength, and therefore different
tempers are suitable for different applications. Any deviation from the temper can be
monitored either through electrical conductivity changes or hardness measurements.
However, at present, an online monitoring of structures through these factors does
not exist. It may be possible to develop such instrumentation, and such metallurgical
information could be exploited when developing sensors for microstructure sensing
applications.
1.3.2.2. Creep deformation and rupture
Failures at high temperatures (< 0.5 melting point of the material in °K) due to
deformation caused by creep are not uncommon. Usually components are not
permitted to deform beyond a certain amount of strain or thermal plasticity over a
determined period of time under an applied load. For such design problems, creep
data in the form of stress versus strain rate (available for many materials) are used.
In such a situation (and considering service load conditions), a component can be
designed so that thermal plasticity does not exceed the designated value. As
discussed above, in some instances the amount of creep deformation is not critical,
but failure by creep rupture has to be avoided (such as in the case of a pipe carrying
a hot fluid where a certain amount of deformation can be tolerated, but not the creep
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rupture of the pipe). Creep rupture data (i.e. stress vs. time to creep rupture) at
desired temperature are typically used. As shown in Table 1.1, in order to avoid such
failures, stress, time and temperature are key variables, and their effects need to be
understood.
The dominance of a specific creep deformation mechanism in any alloy is
dependent on the applied stress and temperature [HER 89]. Constitutive equations
for each creep mechanism are readily available and, by solving these equations over
desired temperature and stress ranges, they provide the strain rates which can be
plotted as iso-strain rate contours in an Ashby map (see Figure 1.1).
Under high stress and at high temperatures, creep rates are determined by what is
termed a “power law” or “dislocation creep” regime where the creep rates vary
rapidly with stress, as given by:
dε
Q
= A exp(−
)(σ − σ th ) n
dt
RT

(1.3)

where ε is the creep strain, t is the time, A is a material constant, Q is the activation
energy for creep, R is the universal gas constant, σ is the applied stress and σth is a
threshold stress that depends on the microstructural state of the material.
At lower stresses, creep rates vary linearly with stress and are said to be
undergoing “diffusion creep”. Within this regime, at higher temperatures, the creep
rate is determined by a mechanistic regime termed as the “Nabarro-Herring” creep
regime. The creep rate in this regime is given by:

Q 1
dε
σΩ
DL ,o exp(− L ) 2
= 10
dt
kT
RT d

(1.4)

where Ο is the atomic volume, k the Boltzmann’s constant, DLo the pre-exponent for
bulk diffusion of atoms, QL the activation energy for bulk diffusion, and d the grain
size. At lower temperatures, the creep is limited by “Coble” creep and the rate is
given by:
Q 1
σΩ
dε
(δ b Db ,o ) exp(− b ) 3
= 47
dt
kT
RT d

(1.5)

where Db,o is the pre-exponent for the grain-boundary diffusion, δb is the grain
boundary width and Qb is the activation energy for the grain boundary diffusion.
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Figure 1.1. A notional creep deformation mechanism map showing iso-creep strain rate
contours and creep mechanisms that can occur in a metallic alloy
under applied stress and temperature

The iso-strain rate contours in a plot of applied stress (normalized with respect to
shear modulus) versus the operating temperature (normalized with respect to the
melting temperature in °K) represents boundaries that delineate different creep
mechanisms. For example, as shown in Figure 1.1, at low stresses and high
temperatures the Nabarro-Herring creep deformation dominates, where atomic
diffusion takes place from boundaries normal to the stress axis to boundaries parallel
to the stress axis. Vacancies diffuse in the opposite direction, i.e. from boundaries
parallel to the stress axis to boundaries perpendicular to the stress axis. It is
important to note here that the microstructural factor that governs the creep strain
rate in this regime is proportional to 1/d2. At even lower stresses, creep deformation
occurs through vacancy migration but along grain boundaries, and the strain rate is
very sensitive to the number of grain boundaries through a 1/d3 relationship. There is
no dislocation motion in these high temperature and low stress regimes, and no grain
elongation occurs. Grains however rotate resulting in a loss of the original texture
and grain boundary sliding occurs. At higher applied stress levels, creep is
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controlled by dislocation movement and is independent of the grain size, shown as
dislocation creep regime in Figure 1.1. Grains here elongate and new textures form.
Currently, in order to decipher the specific mechanism that is occurring in a
component, specimens from the component are sectioned and prepared for scanning
or transmission electron microscopy observations. Voids, grain size/orientation
modification and formation of new textures can then be studied and documented for
almost any material component after the failure has occurred. NDE-based sensing
for online health monitoring can focus on developing sensors to monitor the above
mentioned microstructural parameter changes in real-time.
1.3.2.3. Static fracture
In today’s aerospace designs there are very few metallic components that fail
purely due to a static overload mechanism. However, an overload fracture can occur
after a crack has first grown from a different fracture mechanism, for example
fatigue or stress corrosion. In such a case, a crack grows to a critical crack size from
such a mechanism and then the final fracture occurs by overload. Rather than using
material elongation or ductility, obtained using smooth bars, fracture toughness (K1c)
is used as an engineering indicator for a material’s ability to withstand overloads
under brittle conditions or plane strain loading conditions.
In order to obtain K1c, the fracture toughness for the material is estimated for the
most brittle condition encountered during service (thick-gage, high strain rates or
temperatures below the ductile-to-brittle transition temperature will provide the
lowest fracture toughness). For metals, an atomically sharp crack is embedded in a
fracture mechanics specimen and the fracture toughness is evaluated using an
approach outlined in the ASTM (American Society for Testing of Materials)
standard E399. J1c (elastic-plastic fracture mechanics parameter) is used when the
material exhibits considerable plasticity during loading and crack extension, and
linear elastic fracture mechanics is not applicable. The tearing modulus defined as
dJ/da represents crack growth toughness and has been assessed recently as an
additional parameter to evaluate material fracture resistance. For thin sheet
materials, such as the material gage used for aircraft fuselage, R-curves (crack
resistance behavior) are generated on very large specimens, which are indicative of
large thin structures because small specimens do not provide realistic values. The
procedure to obtain an R-curve is also given in the ASTM standards.
Figure 1.2 summarizes various microstructural parameters that govern fracture
toughness and tearing modulus for precipitation-hardened aluminum alloys used
routinely for aircraft structures [JAT 98]. As shown in Figure 1.2, fracture initiation
toughness (K1c, J1c) and crack growth toughness (also known as tearing modulus, Tr)
decrease with increase in yield strength. The figure also attempts to illustrate that,
for constant yield strength, when the strengthening precipitates and the impurity
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content is refined (reduced in size or extent) in microstructural parameters such as
grain size, K1c, J1c and Tr increase. Fine second phase particles improve homogenity
of slip, thereby improving fracture toughness parameters. Homogenity of slip also
promotes ductile failure, void nucleation and growth. Larger grain boundary
precipitates and impurity particles (also known as inclusions) decrease toughness
through the promotion of brittle fracture.
Thus, grain size strengthening phases and second phase particle distribution play
a key role in the fracture initiation toughness and crack growth toughness of many
engineering alloys through their control of the slip mode or the dislocation processes
which are ultimately responsible for the amount of plasticity that a material can
accumulate prior to fracture. By sensing plasticity parameters during operational
service or by sensing the microstructural factors prior to or during service,
microstructure-based structural health monitoring would provide key information
regarding static fracture conditions, material toughness and remaining strength.
(Under-aged alloys)
Refinements in grain size,
grain boundary precipitate,
microstructure and impurities

Crack growth
toughness or
tearing modulus
(Tr)

Increasing homogenous slip

(Yield strength curve)
(Peak-aged alloys)

Brittle fracture
(caused by grain boundary
precipitates and impurities)
Fracture toughness, K1c or J1c

Figure 1.2. Relationship between crack initiation toughness and tearing modulus (or crack
growth toughness) to various microstructural parameters in precipitation-hardened Al alloys

1.3.2.4. Fatigue
Fatigue is one of the dominant modes of failure, and it has been investigated
more thoroughly than any other fracture mechanism, with numerous papers being
published in technical works. Under fatigue there are a number of subject areas that
are important to the failure of engineering materials and which are discussed below.
In the absence of sharp cracks (cracks obeying linear elastic fracture mechanics,
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LEFM), applied stress-range and strain-range are the key parameters that dictate
how long a laboratory specimen or a component will survive as a function of applied
cyclic loads.
When a stress controlled or high-cycle fatigue test is performed on a smooth or
notched specimen, the number of fatigue cycles-to-failure represents the cycles-tocrack initiation. The cycles-to-failure will normally depend on the value R-ratio (the
ratio between the minimum and maximum applied load cycle is known as the Rratio (Pmin/Pmax)). In the case of high-cycle fatigue the maximum applied stress is
kept below the yield stress of the material. Cracks almost always initiate on the
surface either by fracture of a large inclusion or inclusions or at a grind or a scratch
mark due to the improper machining of the component. In high-cycle fatigue
applications, compressive residual stresses are usually imparted on the surface either
through shot peening (blasting the surface with fine particles to impart compressive
residual stress) or, more recently, by lazer shock peening in order to increase the
number of cycles-to-failure. However, the compressive residual stresses usually
decay with fatigue cycling and are not a permanent solution to the fatigue failure
problem. The key microstructural parameter in high-cycle fatigue is the size of the
largest inclusion or the size range of inclusions that will participate in the initiation
of the fatigue fracture.
In strain controlled fatigue, a specimen is cycled within a prescribed strain range
that could be below or above the yield of the material. Cyclic plasticity is
accumulated as the specimen is cycled and the total accumulated cyclic plasticity
dictates the (low-cycle) fatigue cycles-to-failure. Here plasticity is accumulated
through slip or dislocation movement from the bulk of the material to the surface.
Cracks initiate in slip bands and eventually link-up causing failure. The CoffinManson law relates the applied plastic strain amplitude (∆εp/2) to the number of
strain reversals, 2Nf to failure as given by:

∆ε p
2

= ε 'f (2 N f )c

(1.6)

where ε 'f is the fatigue ductility coefficient (it is the value of the plastic strain
amplitude when failure occurs in one strain reversal) and c is the fatigue ductility
exponent (obtained by the slope of the line that relates the plastic strain amplitude to
the reversals to failure).
However, a more important problem in structural failures is failure through
fatigue crack propagation. Here the assumption is that when a component is inserted
into service after non-destructive evaluation (NDE) inspection, a crack population
below the resolution limit of the NDE equipment or caused by human error will go
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undetected. Cracks below the resolution limit of the NDE equipment being used are
assumed to be present in the structure and the fatigue crack growth law for that
particular material is applied to estimate the number of cycles that will be needed to
grow the crack or cracks in order to a critical crack size and cause failure. For
airframe structures it is common to assume that cracks below the size of 30 mil
(0.762 mm) will go undetected. This number usually becomes bigger when the
structure gets complex from a point of view of the amount of material layers and the
presence of sealants. As shown in Figure 1.3, many of the complex aerospace
structures can be made up of multiple layers, sometimes up to five, separated by
corrosion prevention compounds known as sealants. The multilayers can also be
separated by shims, whose structure is held together by fasteners which may or may
not be of the same material as the multilayers. All these factors make the detection,
location and sizing of the cracks extremely difficult, particularly when the NDE
inspection is performed without disassembling the structure.
x
z
Layers

a
Corner crack
Figure 1.3. Aircraft lap joint and splice plates
with a corner crack near the fastener

Unlike airframe structures, a small flaw present in a rotating turbine engine
component can create a major loss of the entire engine or even loss of the aircraft.
Thus, the study of small cracks (cracks whose dimensions are of the same order as
that of the grain size of the material or less) is of extreme importance in materials
that are used for gas turbine engines. A number of investigations have been
performed to understand small crack growth behavior with respect to microstructure,
residual stress and grain size. The reader is referred to the article “Relevance of
small crack problem to lifetime prediction in gas turbine engines” [LAN 87] as a
starting point for this subject. Fatigue crack growth rates (da/dN, where da is the
increment in the crack size and dN is the increment in number of applied load
cycles) for larger cracks and for a few contrasting materials are shown in Figure 1.4
as a function of the stress intensity range ∆ K = ∆σπ a , also termed the crack
driving force [RIT 00]. When the crack growth rate decreases to very small values
below 10-10 m/cycle the corresponding stress intensity range is designated as ∆Kth

(

)
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and known as the fatigue threshold stress intensity range. In Figure 1.4 the curve
designated as “striation model” refers to the “Paris law” shown below in equation
(1.7). Many aircraft structural components are designed for fatigue crack growth
rates corresponding to those in region II of the fatigue crack growth curve where
Paris law is obeyed and the fatigue crack extends by a striation mechanism given in
equation (1.8):
da
m
= ( ∆K )
dN

(1.7)

⎛ ∆K 2 ⎞
⎟
⎝ Eσ YS ⎠

δ =β⎜

(1.8)

where δ is the crack tip opening displacement related to the crack growth rate per
cycle in the material and β is a constant. In Figure 1.4, brittle materials such as
amorphous glass and alumina exhibit a very small crack opening displacement and
hence need a lower driving force or stress intensity range to extend the fatigue crack
growth. In the case of materials such as high strength steels and aluminum alloys,
the stress intensity range to grow the cracks is larger. Let us note that the crack
opening displacement for a given stress intensity range is related to the fundamental
material parameters, elastic modulus (E) and yield strength ( σ ys ) of the material.
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Figure 1.4. Fatigue crack growth rate vs. stress intensity range of a number of materials.
Striation models use the Paris law equation
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As mentioned above, for the lower end of the stress intensity range, crack growth
rates asymptotically decrease to very small values corresponding to rates that lie in
the range of 10-11 m/cycle and the stress intensity range reaches a fatigue threshold
stress intensity ∆Kth. In this low end regime, fatigue crack growth rates are strongly
influenced by microstructural parameters such as grain size and second phase
particles. In engineering materials it is often difficult to separate the effect of grain
size from other microstructural parameters such as second phase particles.
Nevertheless, in precipitation hardened aluminum alloys it has been shown that for a
constant grain size, fatigue crack growth resistance is superior when strengthening
phases are coherent (under-aged alloys) and is inferior when they are incoherent
(over-aged Al alloys). This has been shown to be directly related to slip
characteristics and non-linearity of the crack path in the material. When particles are
coherent, crack tip plasticity is accumulated through planar slip and the fatigue
cracks follow slip planes resulting in a crack path that has many tilts. However,
when incoherent particles are present non-planar slip dominates, which results in a
much straighter crack path. The out-of-plane crack path (made up of tilted cracks)
provides a much higher fatigue crack growth resistance. Similarly, the fatigue
threshold intensity range has also been shown to be related to particle spacing and
particle volume fraction. Widely spaced particles and lower volume fractions cause
increased out-of-plane cracking resulting in larger fatigue thresholds [CAR 84, JAT
86, VAS 97, RIT 00].
Recently, a comparative study of grain size effects on crack propagation in
nickel was performed [HAN 05]. The study showed that the nickel containing
nanosized grains had the least amount of non-linearity in crack path and the fastest
crack propagation rates. Fatigue cracks in the microcrystalline and conventional
nickel with larger grains propagated with much more out-of-plane tilts providing
slower fatigue crack growth rates. Also, fatigue threshold intensity for a number of
important engineering alloys were compiled and analyzed and it was shown that the
threshold stress intensity range increases with grain size [SAD 03]. As shown here,
the subject of fatigue is vast and the microstructural relationship to fatigue crack
growth rate is clearly material dependent. Therefore, for prognosis it is essential to
know the material and its microstructural state so that the fatigue crack growth law
corresponding to that particular material and material state in question is applied. As
materials in the future are required to operate in more extreme environments,
microstructural changes may take place during a mission where crack growth
behavior will alter. Therefore, the future endeavors in development of sensors for
material and damage state awareness must target microstructure parameters that
control fatigue crack growth.
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1.3.2.5. Corrosion
Uniform corrosion mentioned previously is just one form of corrosion (it should
be recognized that this term is routinely used in works on corrosion and does not
necessarily imply uniform corrosion; in a given structure there may be a large
variation in the extent of so-called uniform corrosion). This form of corrosion does
not impact on structural integrity initially, but this can happen if too much loss of
material occurs. There are at least seven additional forms of corrosion [JON 92] and
among these the ones that affect the engineering structures the most from a
structural integrity point of view include pitting corrosion, environmentally assisted
cracking (EAC), and intergranular corrosion. Stress corrosion cracking, corrosionfatigue, and hydrogen embrittlement fall under the category of EAC and when they
occur they can lead to very costly failures.
In the case of stress corrosion cracking, an existing crack in a material
propagates under the combined influence of stress and corrosion environment. The
fracture toughness of the material is not altered due to the environment but an
existing crack can reach the critical crack size (in a general sense K1C = σ π acr )
through the combined influence of stress and environment. Fracture mechanics
test methods exist to evaluate the threshold, K1scc or K1EAC (where the subscript
“1” refers to mode 1 tensile loading) below which the stress corrosion cracks will
not propagate. The two regimes, “Region 1” and “Region II”, of stress corrosion
cracking in fracture mechanics specimens or structures containing atomically
sharp cracks are shown schematically in Figure 1.5. Numerous reports exist in
works about Al and Ti alloys where the microstructure has been shown to play a
dominant role. High strength aerospace aluminum alloys have been investigated
thoroughly for stress corrosion cracking (SCC) in a 3.5% NaCl (sodium chloride)
solution. This electrolyte is of much interest since chloride ions contained in a
NaCl solution degrade aluminum alloys significantly. A compilation of stress
corrosion crack growth rates for 7079, 7039, 7049, 7075 and 7050 shows that the
crack growth velocity (da/dt in m/s) is almost similar in the T7 temper,
approximately 8*10-10 m/s. T7 is the over-aged temper. However, many of the
older aircrafts (aging aircrafts) use 7049, 7079 and 7075 in T6 temper that
corresponds to high strength condition (peak-aged) and were not optimized for
stress corrosion cracking (SCC). In this temper the SCC velocity is much faster
than 8*10-10 m/s. In alloy 7079-T6 the SCC cracks grow at 10-5 m/s and in alloy
7075-T6 the SCC cracks propagate at 10-8 m/s. However, results in other works
show that the effect of aging (of aerospace aluminum alloys) on the stress
corrosion cracking resistance is not that straightforward. The effect depends on the
chemical composition of the alloy. For example, in some high strength aerospace
aluminum alloys it has been shown that over aging (i.e. in a microstructure
containing incoherent precipitates) can improve stress corrosion cracking
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thresholds, whereas in some other alloys the thresholds were not affected.
However, the plateau velocity in Region II of the stress corrosion crack growth
rate vs. the stress intensity was drastically improved using over aging methods
[SPI 75].
Also, for aluminum-lithium (Al-Li) alloys the addition of trace elements has
been shown to improve corrosion resistance; for example, small additions of zinc
or indium to Al-Li alloys improve K1scc. The over-aged alloys also exhibit
improved fatigue endurance limits under high-cycle fatigue (stress controlled
fatigue) loading conditions. Under corrosion fatigue conditions in fracture
mechanics, samples crack growth rates are a function of the load cycling
frequency. At low frequencies, environmental contributions increase and the crack
growth rates vary as a function of frequency. Recently for Ti-8Al-1Mo-1V alloys
in 3.5% NaCl solution, it has been shown through analysis of corrosion fatigue
data that environmental contribution to fatigue increases as the frequency
decreases [SAD 05]. A parameter that represented environmental contribution was
plotted as a function of frequency and it was noticed that this parameter increased
linearly as the frequency decreased from 15 to 3 Hz. At 3 Hz the environmental
contribution parameter leveled-off. This value was found to be equivalent to the
stress corrosion cracking threshold, K1scc, of the alloy. Stress corrosion cracks can
often be identified as they branch out while branching in general is minimal.
Nevertheless, careful analysis and experience is required to distinguish the two.
Many of the fracture mechanisms and example fractographs can be found in [HER
89, JON 92]. Hydrogen can affect crack growth rates in many alloys including Tibased alloys which are of interest to the aerospace industry. In Ti alloys hydrogen
can lower cleavage fracture stress of the alloy or form Ti hydrides. Both these can
accelerate crack growth rates. The amount of hydrogen required to embrittle the Tibased alloys depends on the volume fractions of various phases (present in the
alloy), stress state conditions at the crack tip, temperature and crack tip strain rate.
A large body of information on this subject was published between 1973 and 1990
and the reader is referred to the bibliography at the end of chapter.
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10-5 Al-Zn-Mg alloys
T6 tempers

Region II, plateau region, constant velocity
Al-Zn-Mg alloys
T7 temper
da/dt, m/s

Effect of over aging a 7xxx alloy

Region I, velocities asymptotically decrease
10-12

0

K, MPa-m1/2

50

Figure 1.5. Diagram showing stress corrosion crack growth velocities as a function
of stress intensity in high strength Al alloys. Also, stress corrosion crack growth
rates are notionally compared in T6 and T7 tempers for 7xxx alloys

1.3.2.6. Oxidation
In metallic alloys, material loss at low temperatures is dominated by solid-liquid
interactions as discussed under corrosion. At higher temperatures, material loss
typically takes place through a gas-solid reaction. In most high temperature
applications the reactive component in the gas is oxygen. Thus, oxidation is the
primary source of material loss at elevated temperature. The rate at which a metal
will oxidize varies drastically from one to another depending on the chemistry of
elements that make up the metallic alloy. In addition, the microstructural features
also affect the oxidation rates. In a well engineered alloy, the composition is tailored
in such a way as to form a very dense, tenacious and adherent film made by an oxide
on the surface that prevents further oxidation by forming a physical barrier between
the gaseous oxygen and the underlying material. For example, aluminum oxide is
known to have very low permeability to oxygen. However, aluminum itself is low
melting and is not a high temperature metal. Nickel has a high melting point and
retains strength at higher temperatures, but nickel oxide is not a good barrier against
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oxygen due to its high permeability. Thus, an alloy of nickel and aluminum was
conceived in order to take advantage of the high temperature capability of nickel and
the oxidation barrier formation property of aluminum.
Real engineering alloys are made of compositions which are much more
complex than just two elements. Thus, the oxidation behavior is quite sensitive to
the actual composition as well as the microstructure. During service the alloy may
change in composition, especially at the surface and in microstructure throughout
the material. For example, an engineering alloy of molybdenum and silicon with
boron additions makes use of the high temperature capability of molybdenum and
the low permeability oxide of silica for the barrier [MEN 02, PAR 02a, PAR 02b].
The silica barrier is formed using the silicon in the alloy, thus depleting the surface
of the alloy of silicon. If the surface silica layer is damaged, the silicon content in
the substrate may be insufficient to form a barrier once more and protect the base
material. If a method by which the composition of the substrate underneath the oxide
layer could be measured existed, it would be possible to predict the remaining life of
the alloy. Properties that are sensitive to chemistry need to be identified and suitable
measurement transducers invented for such applications.
In the current generation of nickel-based superalloys, the alloys are protected
from a thermal barrier layer of zirconia. This barrier layer is, however, permeable to
oxygen. The oxygen reacts and forms alumina beneath the thermal barrier. As this
alumina layer grows in thickness, the thermal barrier becomes unstable and
eventually spalls (i.e. fractures and falls off) [SER 98, WAN 98]. This is a clear
material failure resulting in the overheating of the Ni-based alloy underneath. It
would be of great use in engineering, if a method capable of measuring the thickness
of the alumina that forms under the thermal barrier layer could be available. The
dependence of the alumina layer thickness on the remaining life of the barrier layer
is already known; thus all that remains to be done is to come up with a method to
measure in situ the alumina thickness beneath the thermal barrier layer.
1.4. Physics of failure of ceramic matrix composites

Ceramics offer significantly higher temperature capabilities than metals. In
general, ceramics have a higher melting point and thus better creep resistance, along
with good resistance to environmental attacks such as corrosion. Among the
ceramics, the oxides are of particular interest since they are also inherently stable
against oxidation at high temperature.
Ceramics, however, are inherently brittle, by which we mean that they suffer
very low total mechanical strain (typically 0.1%) before failure. This is due to their
inability to absorb mechanical energy when subjected to mechanical forces. It is
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possible to make ceramics that are very strong through careful processing that will
limit the flaws in the material to a very small size. However, it is impossible to
ensure that new flaws will not be introduced during service, often from what is
termed “foreign object damage”. When such unexpected mechanical loads result in
flaws, the ceramic typically fails catastrophically without absorbing any significant
energy. This insidious failure is the only factor that is keeping us from using these
otherwise very attractive materials. Even if flaws that appear during service are
“sensed” using NDE methods, it may be too late to prevent failure.
This debilitating disadvantage of ceramics has been recently alleviated by the
concept of fiber-reinforced ceramic composites. Following this concept, ceramics
are processed in such a way as to produce very fine diameter fibers of very high
strengths. Typical fibers are 10 microns in diameter and possess failure strengths of
2-3 GPa. Once again, the fibers themselves have flaws of varying sizes and the
weakest flaw is limited in size in order to achieve these strengths. Depending on the
modulus, these fibers have failure strains in the order of 0.5 to 1%. These fibers are
then encased within a ceramic matrix of normal strength (with failure strains of
~0.1%). The fibers and the ceramic matrix may be separated by an interfacial layer
to prevent the cracks in the matrix from entering the fibers and causing premature
failure. In some cases the matrix is so weak that no interfacial layer is required
[KER 02, PAR 03]. The key engineering aspect in the design of these materials is to
protect the fibers from premature failure by the cracks in the matrix. Once the fibers
are thus protected, they bridge the cracks in the matrix and offer resistance to their
propagation (Figure 1.6(a)) The fibers themselves fail eventually at some higher
load, and since their failure location is different from that of the matrix, they are
pulled out of the matrix, as in a piece of wood. This amounts to a significant
absorption of energy, which imparts high reliability and resistance to “foreign object
damage” to the composites.
The application of ceramic composites in real high temperature structural
applications has just begun. It is anticipated that they will be used widely as the
designers gain confidence in using them. As this class of materials begins to find
applications, the NDE methods will need to come up with techniques to predict their
remaining life during service from parameters that can be measured in situ.
Referring back to Table 1.1, which summarizes the usual failure mechanisms of
materials, with respect to ceramics, ceramic composite failures are almost invariably
dominated by fracture. In certain applications, material loss is also a concern. The
following section will focus on fracture mechanisms and highlight a few of the
dominant mechanisms of material loss.
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Figure 1.6. (a) The fibers in ceramic composites bridge the cracks in the matrix and offer
resistance to their propagation and (b) the fibers eventually fail and pull out of the matrix
absorbing significant energy and imparting high reliability as in wood

1.4.1. Fracture

1.4.1.1. Mechanical loads and fatigue
The fracture of a unidirectional ceramic composite in uniaxial tension was
explained briefly in the previous section. In real applications, ceramic composites
are built with various fiber architectures and the stress states are far more complex,
both of which result in various different forms of failure. A typical CMC is now
made from fabrics that are woven using tows (i.e. bundles of fiber filaments). The
fabric has fibers running along two perpendicular directions as it is the case in most
cloths. In a typical CMC, these cloths are stacked and the gaps filled with a matrix.
The complex fabrication methods and the high refractoriness of ceramics in general
result often in the incomplete densification of the matrix. This complex fiber
architecture and the difficulty in densifying ceramics result in a matrix of varying
porosity throughout the composite. When subjected to mechanical loads, the failure
starts near these pores and progresses across the composite in a distributed way. This
often results in externally measurable modulus changes. It is quite possible that the
NDE methods could be devised in order to measure this modulus changes in situ
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thus providing the first possibility of estimating damage progression during service
in these materials [ZAW 91, ZAW 03].
The damage that occurs in a CMC during use can also be measured using
hysteresis loss [MOR 98]. The fibers that slide against the matrix holes result in
frictional wear at the interface. With time, the frictional resistance decreases. This is
often reflected in the loss of hysteresis during a cyclic stress-strain test. With NDE
methods it may be possible to sense internal energy-absorbing events and from the
variations of these energy absorption mechanisms one may be able to predict the
status of damage in the composites and thus the remaining life.
modulus

strain or cycles (of fatigue)

Figure 1.7. (a) The complex architecture of CMCs and the inhomogenous porosity/defect
distribution in the matrix leads to distributed damage (cracks) in the material.
This is reflected in (b) a loss of macroscopic modulus of the material with strain
(during a tension test) or with the number of cycles (during a fatigue test)

1.4.1.2. Thermal gradients
Ceramic composites are often used where very high temperature reactions have
to be contained. In addition, ceramics have low thermal conductivity offering
protection against undesirable heat loss, which often lowers efficiency. This results
automatically in larger thermal gradients across the ceramic composites. The
mechanical stresses are typically in-plane, while thermal gradients are typically
perpendicular to this plane. The thermal gradients cause uneven thermal expansion
of the material through the thickness and result in a large driving force for shear
cracks to propagate between the “cloths” of the composites (see Figure 1.7).
Delamination cracks are a constant issue in determining the life of CMCs [CUT
97, SOR 98]. A method to detect the delamination cracks early would help
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significantly in avoiding expensive damages and in predicting the remaining useful
life of CMCs.
tempera ture

delamination
crack from
thermal
gradient-induced
stresses

distance

Figure 1.8. Delamination cracks result from larger thermal gradients
often present in the service of high temperature structural CMCs

1.4.1.3. Microstructural degradation
Another failure mechanism in ceramic composites is the premature fracture
arising from degradation of microstructure. The fibers are typically made of finegrained material in order to keep the processing flaw sizes small. However, fine
grains are inherently stable and with time at temperature, the grains grow. As the
grains grow, which typically occurs during service, the strength of ceramics
decreases [HAY 99]. Thus, the strength of the as-fabricated composite is not
guaranteed after long periods of use at temperature [KEL 03]. The measurement of
grain growth in ceramic fibers is at present limited to tedious specimen preparation
and analysis in a TEM (transmission electron microscopy). While very few samples
are sufficient to diagnose the problems, the method is definitely not possible to carry
out in situ. Any NDE method that might enable a quick assessment of the grain size
of ceramic materials might be very useful as a life predicting sensor in both
monolithic and composite ceramics.
1.4.2. Material loss

State-of-the-art ceramic composites are based on carbon or SiC, with oxidebased CMCs beginning to find applications. While oxides are inherently stable
against oxidation, both C and SiC can suffer material loss from oxidation. C-based
composites are typically “inhibited” from oxidation through the addition of
oxidizing compounds that form a surface barrier layer that keeps oxygen away from
the carbon underneath [JAC 99]. However, the barrier layer is, by design, a viscous
fluid and under heavy fluid flow conditions can be leached away leaving the carbon
unprotected. The SiC-based materials form a silica layer through oxidation that
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protects from any further loss of SiC. However, silica is now known to suffer from
material loss in the presence of moisture at high temperatures [OPI 99]. Thus, under
combustion conditions of an aircraft engine, silica loss begins to be an issue above
1,200oC. Once again, barrier layers are being devised to protect against such
material loss and therefore one of the factors that determines life of these CMCs is
the life of the barrier layer itself. Methods to examine the barrier layer thickness
periodically using NDE methods might help prevent unexpected failures and
organize timely replacement of parts.
1.5. Physics of failure and NDE

The subject of mechanics and physics of failure is quite vast and the above
sections provided a glimpse of the subject (i.e. physics of failure for metals and
ceramic matrix composites). Readers can further enhance their understanding by
reading the references cited. In order to develop the next generation of ultrasonic
NDE-based sensors for detecting damage and structural health monitoring one needs
to understand the basic principles of ultrasonic NDE in addition to the physics of
failure. In the following sections the fundamentals of ultrasonic NDE and SHM are
presented.
1.6. Elastic waves for NDE and SHM

Although many types of NDE techniques [KUN 00, KUN 04a] such as liquid
penetrant technique, radiography (x-ray, gamma ray), ultrasonics, holography,
Moiré interferometry, eddy current, magnetic flux leakage, terahertz technology,
thermography etc. are available today, the elastic wave-based techniques have
become the most popular for SHM applications. This is because crack initiation and
propagation generate detectable sonic or ultrasonic waves. These waves can
propagate at long distance through the structure under inspection and can be picked
up by a sensor placed at another location. The received signal at the sensor can be
analyzed in order to locate and estimate the degree of damage in the structure. Often
the elastic waves that propagate from one point to another in the structure after being
generated by the new crack formation or by a transducer are beyond our hearing
range and are called ultrasonic waves.
1.6.1. Ultrasonic waves used for SHM

Ultrasonic waves are vibrational waves having frequencies higher than the
hearing range of the human ear, which is typically 20 kHz. The upper range of these
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waves can be as high as 15 to 30 GHz (1 GHz = 109 Hz). However, for most SHM
applications the upper bound of frequency rarely exceeds 20 MHz.
Elastic waves in all frequency ranges – ultrasonic, sonic and subsonic – can be
classified under two groups: body waves or bulk waves and surface waves or guided
waves. Body waves propagate through a bulk material, while the surface waves
propagate along the surface of a body as shown in Figure 1.9. Surface waves are
often called guided waves because the boundary of the body guides them. Common
types of body and surface waves used in ultrasonic inspection and structural health
monitoring are described below.
1.6.1.1. Bulk waves: longitudinal and shear waves
Bulk waves are of two types: longitudinal waves and shear waves. Only normal
stress is generated in the medium when longitudinal waves propagate through an
infinite medium, while only shear stresses are generated by the shear waves.
Longitudinal waves are also known as compressional waves or extensional waves
since the material goes through compression and extension when the wave passes
through it. In terms of the elastic constants, the wave speeds of these two types of
waves are given by:
cP =

λ + 2µ
E (1 −ν )
=
ρ
ρ (1 + ν )(1 − 2ν )
(1.9)

cS =

E
µ
=
2 ρ (1 + ν )
ρ

where cP and cS are longitudinal and shear wave speeds, respectively. ρ is the
density, λ is Lame’s first constant, µ is the shear modulus or Lame’s second
constant, E is the Young’s modulus and ν is the Poisson’s ratio. Let us note that cP is
always greater than cS. During an earthquake both longitudinal and shear waves are
generated at the same time by the earthquake event (dislocation) at the hypocenter.
However, since the longitudinal wave propagates at a faster speed it strikes the
ground surface first; then the shear wave arrives. For this reason longitudinal waves
are also called primary waves or P-waves and the shear waves are called secondary
waves or S-waves.
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Surface wave or guided wave
Source
Body boundary
Body interior

Body wave or
bulk wave

Figure 1.9. Body waves and surface waves
generated by an ultrasonic source

1.6.1.2. Guided waves: Rayleigh and Lamb waves, bar, plate and cylindrical guided
waves
Guided waves propagate along the boundary of a structure. If the structure is a
homogenous half-space then the guided wave propagating along the surface of the
half-space is called Rayleigh wave, named after its inventor. Waves propagating
through a plate type structure with two parallel stress-free boundaries are known as
Lamb waves, again named after its inventor. Lamb waves are also known as plate
waves because they propagate through plates. Waves propagating parallel to the free
surface of a multilayered solid half-space are known as generalized Rayleigh-Lamb
waves or simply Rayleigh waves. Elastic waves propagating through a hollow
cylinder or pipe are called cylindrical guided waves. Since for a cylinder the two
stress-free surfaces – inner and outer surfaces – are parallel to each other as in a
plate, sometimes the cylindrical guided waves are also called Lamb waves. When
guided waves propagate through a rod or bar they are known as bar waves. Figure
1.10 shows different types of guided waves propagating through various structures
that are also known as waveguides.
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(b) Bar wave
(a) Plate wave or Lamb wave

(c) Rod wave or bar wave

(e) Rayleigh wave

(d) Cylindrical guided wave

(f) Generalized Rayleigh-Lamb wave

Figure 1.10. Different types of guided waves in various problem geometries

The speeds of different types of guided waves are given below.
The wave speed (cb) of compressional waves propagating through a bar or rod is
E
. Let us note that cb is different from cP or cS. The Rayleigh and Lamb wave

ρ

speeds are obtained from Rayleigh-Lamb wave dispersion equations. The Rayleigh
wave speed in a half-space is a constant, slightly smaller than the shear wave speed
in the same material [KUN 04b]. However, the Lamb wave speed in a plate or the
generalized Rayleigh-Lamb wave speed in a layered half-space depends on the wave
frequency. This phenomenon of the wave speed dependence on the frequency is
called dispersion phenomenon and these waves are called dispersive waves. The
Lamb wave and the generalized Rayleigh-Lamb wave speeds are not only dispersive
but also multi-valued. At a given frequency multiple values of the wave speed are
obtained for these waves. Different wave speeds correspond to different modes of
the propagating Lamb wave and the generalized Rayleigh-Lamb wave. Such
multiple modes do not exist for the P-wave, S-wave or Rayleigh wave.
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1.6.2. Active and passive ultrasonic inspection techniques

Ultrasonic inspection of a material component can be carried out in two ways:
active sensing and passive sensing. For active sensing a transmitter and a receiver
are mounted on the object of interest as shown in Figure 1.11(a). The transmitter
transmits the signal and the receiver receives it. If any damaged region is present
between the transmitter and the receiver, then the ultrasonic signal is altered by the
damaged zone. After analyzing the received signal the damaged zone can be
identified.

Figure 1.11. (a) Active inspection and (b) passive inspection set-up

For passive inspection no transmitters are used and only the receivers are
mounted on the component as shown in Figure 1.11(b). When cracks are initiated
the disturbance associated with the crack formation produces elastic waves that
propagate through the structure and hit the receiver. By analyzing the received
signal the crack initiation point can be identified. It should be mentioned here that
the passive inspection is suitable for identifying the crack initiation zone but does
not provide information on the location of an existing damaged region.
1.6.3. Transmitter-receiver arrangements for ultrasonic inspection

For the active inspection technique a transmitter is used to generate the
ultrasonic signal and a receiver is used to detect it. The transmitter and receiver can
be mounted on the structure as shown in Figure 1.11(a) or placed near the structure.
In the later case the region between the transducers and the specimen is filled with a
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coupling medium that can be water, air or some other kind of fluid. Three common
modes for transmitter and receiver placements, when they are not directly attached
to the object, are pulse-echo mode, pitch-catch mode, and through-transmission
mode. Figure 1.12 shows these three common orientations of transmitter (T) and
receiver (R).

Figure 1.12. Three common modes of transmitter-receiver arrangement:
pulse-echo, through-transmission and pitch-catch

1.6.4. Different types of ultrasonic scanning

For an active ultrasonic inspection the received signal can be displayed in three
different manners known as A-scan, B-scan and C-scan. If the complete vibratory
motion of the receiver is recorded as a function of time for a specific location of the
receiver then it is called A-scan recording. Figure 1.13 (top) shows a typical A-scan
record.
For B-scan recording the receiver moves along one line (denoted by x in Figure
1.13 (middle)) over the plate specimen and the signal strength is plotted against two
parameters – the time of travel (t) of the signal and the transducer position (x).
Figure 1.13 (middle) shows the transducer movement for a B-scan inspection and a
typical B-scan image. Let us note that the time of arrival is directly proportional to
the depth of the reflecting surface. Thus, the time axis represents the plate thickness
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direction. Darker regions in the image indicate stronger reflected signal zones. The
presence of any crack can be seen in the B-scan image by a dark line (see Figure
1.13 (middle), in addition to the dark regions produced by the strong reflected beams
from the top surface and the bottom surface of the plate.
When the transducer is moved in a plane parallel to the specimen surface and the
peak value of the received signal is plotted as a function of the transducer position,
then the generated image is called the C-scan image. Figure 1.13 (bottom) shows the
movement of the transducer in both x and y directions for a C-scan image
generation. A typical C-scan image is also shown in this figure. By capturing (or in
other words windowing) the middle part of the signal and plotting its peak value as a
function of the transducer position, the C-scan image is generated. The darker
circular region in the center of the image is produced by the reflected signals from
the crack surface. In the crack-free region no signal is reflected from the central
plane of the plate and hence, the plot shows lighter gray color for the entire plate
except for its central region.
1.6.5. Guided wave inspection technique

For SHM applications, guided wave-based inspection techniques are more
suitable because by using guided waves the initiation or presence of a defect can be
detected from a distance. Compared to bulk waves the guided waves can propagate
from a long distance. Different types of guided wave-based SHM set-ups are
discussed in the following sections.
1.6.5.1. One transmitter and one receiver arrangement
1.6.5.1.1. Direct contact
For this arrangement one transmitter and one receiver are attached to the
specimen of interest. The ultrasonic signal, after being generated by the transmitter,
propagates through the structure and then is received by the receiver, as shown in
Figure 1.14. The characteristics of the received signal change when damaged zones
are encountered on the wave propagation path. With this arrangement the total
length of the structure between the transmitter and the receiver can be monitored
instantly. Different Lamb wave modes can be generated in the plate by controlling
the frequency. From the dispersion curve plots one can conclude which modes are
generated for certain frequency of excitation. Dispersion curves for a 1 mm-thick
aluminum plate are shown in Figure 1.15 [KUN 04b]. From these curves one can see
that if the frequency of excitation is less than 1.5 MHz then only fundamental antisymmetric and symmetric modes (A0 and S0) can be generated in the plate. At higher
frequencies more modes are produced. For example, at 4 MHz frequency 4 modes
are generated (A0, S0, A1 and S1) and at 6 MHz frequency 6 modes are generated.
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Bottom surface echo

Transducer movement (x)
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Gray level indicates signal strength
Signal from the bottom of the plate
x Signal from the crack
Signal from the top of the plate
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Signal strength variation
shows internal crack
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Figure 1.13. Schematic of A-scan (top), B-scan (middle) and C-scan (bottom)
outputs (right column). Transducer movements relative to the specimen
for generating these results are shown in the left column

T

R

Figure 1.14. SHM set-up with one transmitter (T) and one receiver (R)
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Figure 1.15. Dispersion curves for 1 mm-thick aluminum plate

1.6.5.1.2. Immersion technique
One can control the guided wave mode generation more precisely by placing
both transducers and the specimen under water or some other coupling fluid (see
Figure 1.16). With this arrangement it is possible to control two parameters – the
frequency of excitation and the angle of inclination of the striking beam. The angle
of strike is related to the phase velocity that is plotted along the vertical axis of the
dispersion curve plot by Snell’s law:
⎛ cf
⎜c
⎝ ph

θ = sin −1 ⎜

⎞
⎟⎟
⎠

(1.10)

where θ is the transducer inclination angle measured from the vertical axis (see
Figure 1.16), cf is the P-wave speed in the coupling fluid and cph is the phase
velocity of the guided wave. From the dispersion curve of Figure 1.15 one can see
that at 2 MHz frequency the A0 mode has a phase velocity close to 2.8 km/s and for
the S0 mode it is close to 5 km/s. Since the P-wave speed in water is 1.49 km/s, from
equation (1.10) we get θ = 32o for the A0 mode generation and θ = 17o for the S0
mode generation. In this manner a specific guided wave mode can be generated in a
plate and defects can be inspected with that mode. It has been shown by various
investigators that different Lamb modes show different levels of sensitivity to
various types of damage [KUN 96, KUN 97, MAS 97, YAN 98, GHO 98a, GHO
98b]. The most efficient Lamb mode for detecting a specific damage can be
generated in this manner.
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Specific Lamb modes can also be generated by using solid wedges as couplers
instead of the coupling fluid between the transducer and the specimen.

T

θ

R

Coupling fluid

Lamb wave

Specimen

Figure 1.16. Immersion set-up: a coupling fluid carries the ultrasonic signal from the
transmitter to the specimen and then from the specimen to the receiver

1.6.5.2. One transmitter and multiple receivers arrangement
By placing one transmitter (T) and multiple receivers (the unmarked circles in
Figure 1.17) on the specimen, multiple lines along the structure can be monitored at
the same time as shown in Figure 1.17, where the transmitter T has been placed in
the middle of the specimen and multiple receivers have been placed along the
specimen boundary. This arrangement covers most regions of the plate. However,
some parts of the plate, like the regions between two neighboring arrows, are not
monitored by this set-up.

T

Figure 1.17. One transmitter (T) and multiple receivers monitoring the plate specimen
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1.6.5.3. Multiple transmitters and multiple receivers arrangement
To inspect an even greater region of the plate, multiple transmitters and receivers
should be placed on the plate and the roles of transmitters and receivers could be
interchanged on demand. In this arrangement the propagating Lamb waves cover an
even greater region of the plate as shown in Figure 1.18. This figure shows 15
sensors (transmitters and receivers). The wave propagation path lengths between
different sensors are shown by straight lines connecting the sensors. Let us note that
the unmonitored region in Figure 1.18 is smaller than that in Figure 1.17. These
SHM systems are currently being used by aerospace and space industries [MAL 04].
1.6.6. Advanced techniques in ultrasonic NDE/SHM

Fundamentals of ultrasonic NDE have been described in the previous sections.
Now we will introduce some recent advanced concepts in ultrasonic NDE.

Figure 1.18. Multiple sensors (transmitters and receivers)
are monitoring a plate specimen

1.6.6.1. Lazer ultrasonics
In the transducer-receiver arrangement shown in Figures 1.14, 1.15 and 1.16
guided waves are usually generated by PZT (lead zirconate titanate) ceramic
actuators and received by PVDF (polyvinyliden fluoride) foils or ceramic
transducers. In such arrangements both actuators and receivers are physically
attached to the specimen. Alternatively, lazer beams can be used to actuate the
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signal [KRI 04, SOH 05]. Lazer pulses can heat a small region of the surface and
thermal expansion in that region generates ultrasonic waves that propagate through
the specimen surface. The surface motion at any point can be detected remotely by
lazer interferometry technique or by air-coupled transducers. In this manner both
actuation and reception of the surface waves in the specimen can be carried out
remotely without attaching piezoceramic or polymer patches to the specimen.
1.6.6.2. Measuring material non-linearity
Microcracks and dislocations in the material make the material non-linear.
Therefore, in theory, by measuring the degree of non-linearity in the material at any
given time one can indirectly estimate the current strength and remaining life of the
material. Material non-linearity can be measured by 1) estimating the β-factor or the
strength of the higher harmonics [CAN 04, MUE 06] and 2) by time reversal
acoustic technique [HEM 78, BAY 83, LOE 83, FIN 97, FIN 02]. An expression for
the β-factor is given below:

β=

3(λ + 2µ ) + (2 A + 6 B + 2C )
λ + 2µ

(1.11)

where λ and µ are second order elastic constants and A, B and C are third order
elastic constants.
1.6.6.2.1. Higher harmonic measurements
In a linear material, if the transmitter sends an ultrasonic signal of N GHz into
the material then the received signal peak frequency occurs near N GHz even if the
propagating waves show dispersion. However, in a non-linear material several
higher harmonic peaks at 2N GHz, 3N GHz, 4N GHz etc. are observed. The
strengths of these higher harmonic peaks are directly related to the material nonlinearity. Stronger higher harmonic peaks are observed for materials with strong
non-linearity. The difficulty associated with this technique is that the higher
harmonic peak strengths are several orders of magnitude lower than the main peak.
Thus, those peaks appear generally in the noise level and are very difficult to
measure.
1.6.6.2.2. Time reversal acoustics
Let one end (end A) of a material be excited by an ultrasonic signal f(t) and the
other end (end B) be the received signal recorded as g(t). If now end B is excited by
–g*(t), where g*(t) is the time reversal of g(t) (as shown in Figure 1.19) then the
recorded signal at end A will be –f*(t). If the material is linear then f*(t) will be
identical to f(t) but if the material is non-linear then f*(t) will be different from f(t).
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Therefore, by comparing f*(t) and f(t) one can indirectly measure the degree of nonlinearity in the material.

f(t)

- f *( t )

g (t )

- g* ( t )
A

B

Figure 1.19. Diagram of the time reversal acoustics

1.7. Conclusion

The purpose of this chapter was to provide the readers with a brief overview of
the failure mechanisms associated with different types of engineering materials and
the current ultrasonic NDE/SHM techniques. The readers are encouraged to read the
books listed in the bibliography for details on the appropriate NDE/SHM techniques
for the materials and structures of their interest. The authors hope that this chapter
will help to bridge the gap between the materials science and the mechanics
community in their understanding and approach to the non-destructive evaluation
and structural health monitoring of engineering materials and structures.
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Chapter 2

Health Monitoring of Composite Structures
Using Ultrasonic Guided Waves

2.1. Introduction
The damage tolerant and fail-safe design of both new and aging aircraft,
aerospace and civil structures require a substantial amount of inspection and defects
monitoring at regular intervals, which add substantial amounts to their life-cycle
cost. The current approach which consists of using conventional non-destructive
evaluation (NDE) techniques such as C-scan, radiography, thermography, eddy
current, etc. is expensive, time-consuming and often cannot be performed on
structures already placed in service because of the inaccessibility or the special
equipment required. According to some estimates, over 25% of the life-cycle cost of
an aircraft or aerospace structure, which includes pre-production, production and
post-production costs can be attributed to operation and support, involving
inspection and maintenance [KUD 99]. The life-cycle cost of new aircraft and
aerospace structures can be reduced significantly if continuous and autonomous
condition-based structural health monitoring systems can be integrated into their
design.
Composite materials are finding increasing use as primary structural components
in many modern applications. As an example, the new Boeing 787 aircraft is
expected to have the majority of its primary structure, including the fuselage and
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wings, made out of composite materials. However, it is well known that these
materials are highly susceptible to hidden internal flaws which may occur during the
manufacturing and processing of the material or while the structure is subjected to
service loads. A major concern is the growth of undetected hidden damage caused
by fatigue and low velocity foreign object impact that can reach a critical size during
service, resulting in the catastrophic failure of the structure [ABR 88]. This is in
contrast to metals where impact damage is usually visible or detectable at an early
stage. The explosion of the Delta II Launch Vehicle in January 1997 serves as a
good example of the hazards associated with impact damage in composite structures.
The explosion was caused by a hidden delamination in the composite casing of one
of the strapped-on graphite epoxy motors [GUN 00]. The recent crash of Airbus
AA-587 due to the loss of its composite vertical stabilizer also appears to have been
caused by the presence of hidden defects [ALF 01] in one of its composite parts.
Last but not least, the disintegration of the Columbia space shuttle during reentry,
caused by the impact of a piece of insulating foam which separated from the external
fuel tank and struck the left wing, clearly underlines the need for a built-in
autonomous damage monitoring system in such defects susceptible structures.
Two approaches to structural health monitoring (SHM) are currently being
pursued by many investigators as candidates for the design of SHM systems [MAL
04]. In the global approach, static or low frequency vibration data are collected by
sensors (strain gages, fiber optics, piezoelectrics, etc.) from multiple locations and
any changes in certain structural parameters from a baseline are attributed to the
occurrence of damage. System identification techniques are then applied to the data
in order to estimate the degradation in the properties (e.g., stiffness reduction) of the
structure or some of its critical components [DOE 96, HAR 03, PAR 00, SUN 03,
ZOU 00].
In the local approach, NDE techniques are applied to locate and characterize
small (existing and emerging) defects through model-based analysis of wave
propagation data collected by relatively high frequency active or passive ultrasonic
sensor arrays located in critical areas of the structures [KOH 04, PAR 03, MAL 03,
MAL 05, MAN 03]. In the active monitoring, ultrasonic sources are used to inject
low-intensity stress waves into the monitored structure and the transmitted signals
(data) are recorded and analyzed to infer irregularities or defects. In the case of
passive monitoring, elastic waves generated by foreign object impact and initiation
or growth of fatigue cracks are captured in order to extract information about the
nature of damage, and the physical mechanisms responsible for generating the
individual acoustic emission (AE) waveforms.
Both approaches have limitations in their practical implementations, particularly
for larger structures. The global approach is only effective in dealing with larger
defects for the obvious reason that the effects of small flaws on the global
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vibrational properties are often below the noise level in large structures. The local
approach, although highly effective in detecting very small defects, requires a dense
network of sensors that is impractical to implement in larger structures. Other
limitations of the current defects detection methodology are the presence of ambient
noise and, more importantly, the need for manual analysis of the signals resulting in
extremely time-consuming inspection procedure and strong operator dependent
conclusions. Since the effectiveness of structural health monitoring systems is
predicated by its ability to detect small defects before they grow to a critical size, it
is imperative that more attention should be focused on the issues limiting their
practical utility. This chapter provides an illustration of the authors’ efforts in
addressing some of these issues by focusing on the detection of delamination
damage in composite structures.
The remainder of this chapter is divided into three major sections. The first
section contains a brief discussion of the theoretical analysis of the wavefield
produced by localized dynamic sources on the surface or the interior of composite
laminates with arbitrary number and orientations of the layers. While such
treatments are useful in revealing the outstanding features of guided waves in simple
plate-like structures, they are difficult to apply in realistic composite structures with
complex geometrical features. Numerical methods (e.g., the finite element method
(FEM)) can handle complex geometry but they are computationally intensive and
cannot generally be used in damage monitoring systems, where data collected by onboard sensors must be analyzed in real-time. Thus, the next two sections are devoted
to the development of an alternative practical impact damage identification and
characterization method for complex structural components, such as stiffened
composite panels.
An improved ultrasonic test set-up consisting of distributed, high fidelity,
intelligent, surface mounted sensor array is used to provide the (local) high
frequency signals due to wave propagation effects in either passive or active mode
of the ultrasonic array. A damage index, comparing the measured dynamical
response of two successive states of the structure, is introduced as a determinant of
structural damage. The method relies on the fact that the dynamical properties of a
structure change with the initiation or growth of damage. A diagnostic imaging tool
is used for the interpretation and graphical representation of the indices in order to
enable the automated monitoring of the changes in the indices at a given instant of
time. The feasibility of developing such a practical structural health monitoring
system will be discussed.
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2.2. Guided (Lamb) wave propagation in plates
Elastic waves generated by foreign object impact and initiation or growth of
fatigue cracks in structural components carry useful information about the nature of
the damage associated with these events. A clear understanding of the quantitative
relationship between the waves and their sources is essential in developing
algorithms for detecting and characterizing the damage. Model-based analysis of the
waveform signals recorded by surface mounted or embedded sensors located in the
vicinity of the sources can lead to the development of an effective health monitoring
system for a variety of structures.
The general features of elastic waves that can be transmitted in isotropic and
anisotropic plates have been studied in great detail over the past several decades
[ACH 78, NAY 95]. These studies were motivated, in part, by the need to
understand the nature of ultrasonic waves that can be transmitted in structural
components [ROS 99]. In contrast, the works on the response of anisotropic plates to
buried or surface sources that are representative of impact or fatigue damage amount
to a relatively small number [GUO 96, KUN 85, MAL 92]. Approximate thin-plate
theories, such as the classical plate theory (CPT) under the Kirchoff-Love kinematic
assumption and the shear deformation plate theory (SDPT) or Mindlin theory have
been developed to obtain the analytical solution to a variety of problems involving
the dynamic response of thin isotropic and anisotropic plates [RED 84, LIH 95]. A
comprehensive review of recent research on guided waves in composite plates and
their use in non-destructive material characterization can be found in [CHI 97]. An
extensive review of published research on low velocity as well as ballistic impact on
laminated composites can be found in [ABR 88].
The exact solution of three-dimensional problems consisting of multilayered,
angle-ply laminates of finite thickness and large lateral dimensions subjected to
various types of surface loads has been given in [LIH 95, MAL 92]. In these
publications, the response problem was formulated using triple integral transforms
involving one in time and two in space, leading to an exact representation of the
elastodynamic field in the transformed frequency-wavenumber domain. The
inversion of the transforms required numerical evaluation of a double wavenumber
integral followed by the frequency inversion using the fast Fourier transform (FFT)
algorithm. The main computational effort in this approach involves the accurate
evaluation of the double wavenumber integrals. The evaluation of this integral is
computationally intensive due to the presence of singularities, the highly oscillatory
nature of the integrands at higher frequencies and large distances between the field
and source points.
The FEM is also a versatile tool to analyze this class of problems and a dynamic
finite element code has been developed for the calculation of AE waveforms in
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isotropic and anisotropic plates [GAR 94, PRO 99]. This code has been validated
with both experimental measurements and analytical predictions for a variety of
source conditions and plate dimensions in isotropic materials. Although the FEM
can handle complex geometries and has the capability to accommodate reflections
from the lateral boundaries, it is computationally much more intensive than the
analytical methods discussed above.
The analytical approach based on the integral transform technique is briefly
outlined here. The geometry of the multilayered composite plate and the coordinate
systems used in the formulation of the problem are shown in Figure 2.1. The
elastodynamic field in each layer can be conveniently expressed in terms of a sixdimensional, stress-displacement vector {Sˆ m } in the frequency domain:

{Sˆ m (k1 , k 2 , x 3 , ω} = {uˆ im

σˆ im3 } , i = 1, 2, 3

(2.1)

where uˆim and σˆ ijm are the displacement and stress components, k1 and k 2 are the
wavenumbers in 1 and 2 directions and ω is the circular frequency. The stressdisplacement vector can be obtained in the frequency domain through the solution of
a system of first order equations supplemented by the appropriate boundary
conditions, resulting in a system of linear equations of order 6N, where N is the
number of layers [MAL 92].
x1

x2
m-1
m

x'2

x'1
x'3

x3
S

Figure 2.1. Geometry of the multilayered composite laminate

The boundary and interface conditions for the specific problems of interest are
briefly discussed below. If there are no interface delaminations or other
discontinuities within the laminate, then the traction and displacement components
must be continuous across the interfaces parallel to the x1-x2 plane, i.e.:
uˆi( m −1) = uˆi( m) ,

σˆ i(3m −1) = σˆ i(3m) ,

x3 = x3m −1

(2.2)
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where x3m−1 is the location of the interface between the layers m and m–1. The
boundary conditions on the faces of the laminate are:

σˆ i13 (x1, x2 ,0, ω ) = − Fˆi (x1, x2 , ω )

(2.3a)

σˆ i13 (x1 , x 2 , H , ω ) = 0

(2.3b)

where F̂i is the Fourier time transform of the spatially distributed load.
If there is an onset of delamination in a small area A at the pth interface, then:
+

⎡⎣ui ( x1 , x2 , x3p , ω ) ⎤⎦ = Di (ω ),
−

( x1 , x2 ) ∈ A

where [ ]+− implies jump discontinuity across A and Di(ω) is the Fourier time
transform of the discontinuity. For assumed forms of the discontinuity, the
wavefield produced in the laminate due to the initiation or propagation of internal
delaminations can be calculated by using the approach outlined in [MAL 92]. The
details of this general approach and its application to specific problems involving
composite plates can be found in [MAL 02] and therefore will not be repeated here.
In general the surface displacement (on x3 = 0) can be expressed in the
wavenumber integral form:

I=

∞ ∞

1
4π

2

∫∫

−∞ −∞

f (k1 , k 2 , ω ) i (k1x1 + k2 x2 )
e
dk1dk 2
g (k1 , k 2 , ω )

(2.4)

where the functions f and g are obtained by solving a system of linear equations of
order 6N as discussed earlier. This integral must be evaluated numerically for a large
number of frequency points and the resulting spectra can then be inverted by FFT to
determine the time-dependent displacement and stress components. The integrand of
equation (2.4) undergoes highly irregular and rapid oscillations at higher frequencies
and at larger propagation distances and its denominator vanishes at the “poles” on
the integration path associated with the guided waves in the plate. It has been shown
that the amplitude of the non-propagating modes (associated with the complex roots
of denominator g) becomes negligible in comparison with the propagating modes
(associated with the real roots of g) at distances from the source larger than about
only a few multiples of the plate thickness. Since this condition is satisfied in most
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NDE applications, the residue contributions from the complex roots can be ignored
without significantly affecting the accuracy of the results. A new wavenumber
integral method for relatively rapid calculation of the waveforms generated by
localized dynamic sources in isotropic as well as anisotropic composite plates has
been presented by the authors in [BAN 05a].
In the new method, one integral in equation (2.4) is evaluated analytically by
contour integration in the complex plane using the residue theorem. For example,
the k2 integral in equation (2.4) can be evaluated by contour integration in the
complex k2 plane, keeping k1 fixed and resulting in residue contributions at the real
roots, k2(k1), of g (k1 , k 2 ) . The remaining integral with respect to k1 is then
integrated numerically. For a given frequency, the real roots, k2r(k1), of
g (k1 , k 2 , ω ) = 0 describe closed symmetric curves on the k1 − k 2 plane due to the
fact that g is an even function of both k1 and k2. Each curve corresponds to a fixed
propagating mode. In Figure 2.2, the first symmetric (S0) and antisymmetric (AS0)
modes are drawn in the positive quadrant for simplicity. It can be assumed, without
loss of generality, that these curves are defined by g1 (k1 , k 2 ) = 0 (symmetric),
g 2 (k1 , k 2 ) = 0 (antisymmetric), where both g1 and g 2 are even functions of k1 and
k2 and are obtained from the decomposition of g in the form g = g1 g 2 . Let us
assume that the functions g1 = 0 and g 2 = 0 cut the k1 axis at the points ± k 0r1 and
± k 0r 2 as shown in Figure 2.2.
k2

S0
( g1 = 0 )

k0r1

AS0
( g2 = 0 )

k0r2

k1

Figure 2.2. The locus of the real roots, k2 (k1) of g(k1, k2) in the k1-k2 plane
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Then, for a given k1, the roots k2(k1) can be expressed in the form:
k 2 = k 02rn − ψ n (k 1) = k 2r , k1 < k 0 rn
= i ψ n (k 1) − k 02rn = k 2c , k1 > k 0rn , n = 1, 2

(2.5)

where ψ 1 and ψ 2 are even functions of k1 and are obtained from the equations
g1 = 0 and g 2 = 0 , respectively, after expressing k2 in terms of k1. The function
2
ψ n must be equal to k 0rn
when k1 equals ± k 0rn . In equation (2.5), k 2c can be

pure imaginary or complex depending on the material properties and the range of k1
chosen, and the real and imaginary parts of k 2c ≥ 0 , for ( x1 , x 2 ) > 0. In reality, the
analytical expressions for g1 and g2 cannot be obtained directly from g using the
general plate theory, and for given k1, k2 in equation (2.5) must be obtained
numerically by setting g = 0. The integration of equation (2.4) on k2 can now be
evaluated by contour integration as:
∞

∫

−∞

f (k1 , k 2 , ω ) i (k1x1 + k2 x2 )
e
dk 2 = 2πi F (k1 , k 2r , ω )e i (k1x1 + k2 r x2 ) ; k1 < k 0rn
g (k1 , k 2 , ω )

= 2πi G (k1 , k 2c , ω )e i (k1x1 + k2 c x2 ) ; k1 > k 0 rn

(2.6)

where
F (k1 , k 2 r , ω ) =

f (k1 , k 2 r , ω )
dg (k1 , k 2 , ω )
dk 2
k2 = k2 r

; G (k1 , k 2c , ω ) =

f (k1 , k 2c , ω )
dg (k1 , k 2 , ω )
dk 2
k2 = k2 c

Thus, the double integration is transformed into a single integral in k1 in the
form:
I =∑
n

2π i
4π 2

⎡ k0 rn
ik x
⎢ 2 ∫ F (k1 , k2 r , ω )e 2 r 2 cos(k1 x1 )dk1
⎢⎣ 0

⎤
G (k1 , k 2c , ω ) e ik2 c x2 cos(k1 x1 )dk1 ⎥
⎥
k0 rn
⎦⎥
∞

+2

∫

(2.7)
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where we have used the fact that F, G, f, g, k2r, k2c and the derivatives of g with
respect to k2 are all even functions of k1. The integral in equation (2.7) can be
evaluated numerically by using any suitable integration scheme.
2.2.1. Lamb waves in thin plates

In thin-walled aircraft and aerospace structures, approximate solutions based on
thin plate theories can provide reasonably accurate numerical results with very small
computational effort. It has been shown that the approximate SDPT theory, where
the transverse shear and rotary inertia are retained in modeling the dynamic
deformations across the thickness of the plate, can provide accurate waveforms at
lower frequencies, especially in the far field [LIH 95]. During the normal surface
displacement in a unidirectional graphite/epoxy composite plate to a normal point
load on the surface calculated from the exact theory, FEM and SDPT are compared
first for their mutual verification. The loaded unidirectional composite plate with
surface mounted sensors is shown in Figure 2.3. The elastic properties of the
graphite/epoxy composite material used in the calculations are given in Table 2.1.
The plate thickness is 1 mm and the unit for force is Newton.

SOURCE

90o

Sensor
45o
0o

Fiber direction

Figure 2.3. A loaded unidirectional composite plate showing the location
of the sensors relative to the fiber direction

C11

C 22

C12

C 23

C 55

ρ

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(gm/cm3)

160.73

13.92

6.44

6.92

7.07

1.578

Table 2.1. Material constants of graphite/epoxy composite material
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The load is assumed to be of the form [BAN 04]:
F ( x1 , x 2 , t ) = f (t ) g ( x1 , x 2 )

(2.8)

⎛ 2π t ⎞
⎛ 4π t ⎞
f (t ) = sin ⎜
⎟ − 0.5sin ⎜
⎟ , 0 < t <τ
⎝ τ ⎠
⎝ τ ⎠

(2.9)

where

For a point load:
g ( x1 , x2 ) = δ ( x1 ) δ ( x2 )

(2.10)

and for a load uniformly distributed in a circle of radius a:
g ( x1 , x 2 ) = 1, x12 + x 22 ≤ a 2 = 0 , x12 + x 22 ≥ a 2

(2.11)

The time dependence of the load f (t ) and its Fourier transform F (ω ) are
plotted for τ = 1µ s in Figure 2.4. The source spectrum is maximum around 1.1
MHz and becomes negligibly small beyond 3 MHz.
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Figure 2.4. Time history and spectrum of the source
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The time history of vertical surface displacement due to a point load on the
surface of the plate obtained by using the exact theory is compared with those from
FEM and SDPT in Figure 2.5, for propagation along the fiber direction 0o. A 3rd
order elliptic digital filter (using Matlab) with a pass band of 0.05-0.75 MHz is
applied to all calculated spectra in order to eliminate high frequency numerical
noise. We see that the agreement between the results from the three models is
excellent, if small deviations in amplitudes are discarded. Since, the approximate
theory (SDPT) overestimates the flexural wave speed, the arrival time of waves in
this case is somewhat earlier than that in the FEM and exact theory. However, the
arrival time of the peak in the signals obtained from the exact theory and the FEM
coincides. The time histories of surface motion from the exact theory show the
strong influence of the higher order modes at high frequencies, which are absent in
those from FEM; therefore this requires further investigation.
The most noteworthy feature of the surface displacements calculated by these
three methods is a periodic reversal in the initial phase of the pulse with propagation
distance. For propagation along 0o (Figure 2.5), the reversal occurs at an interval of
10 mm, whereas it occurs at larger intervals for propagation along 30o and 60o and
the interval is the largest for propagation along 90o relative to the fiber direction (not
shown).
The phase reversal of the surface displacement is difficult to explain from the
primarily numerical methods used in both the SDPT and the FEM. A relatively
simpler problem for which an analytical solution can be obtained is considered here
in an effort to understand the source of this behavior of the guided waves [BAN 04].
The problem involves an isotropic (aluminum) plate of thickness 2H subjected to a
normal concentrated line load.
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Figure 2.5. Time history of vertical surface displacement along the fiber direction
(0o propagation) in a 1 mm-thick unidirectional graphite/epoxy composite plate
subjected to a point load from exact theory (1st row), FEM (2nd row)
and SDPT (3rd row)
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It can be shown that at low frequencies and considering only the first
antisymmetric mode, the analytical expression for the surface displacement due to a
source of time dependence f (t ) = S o δ (t ) in an aluminum plate can be written
explicitly as [BAN 04]:

v=

2⎛ x ⎞
1− ⎜
⎟
3 ⎝ 2c2 t ⎠

2

⎡ x2
πH
π⎤
v ( x, H , t )
sin ⎢
≅
− ⎥
2
2
So c2
c2 t
4
c
Ht
4⎦
⎣ 2
⎛ x ⎞
⎛ x ⎞
1
2
−
8πµ H
⎜
⎟
⎜
⎟
⎝ 2c2 t ⎠
⎝ 2c2 t ⎠

(2.12)

where v represents the normalized surface displacement, c1 and c2 are the
longitudinal and shear wave speeds in the material of the plate, F (ω ) is the Fourier
transform of the load and µ is the shear modulus.
We see that expression (2.12) carries a singularity that travels with a speed
V s = 2c 2 . Moreover:
1⎞
x
5⎞
⎛
⎛
v > 0, for 2 2 ⎜ 2n + ⎟ π <
< 2 2 ⎜ 2n + ⎟ π
4⎠
H
4⎠
⎝
⎝

and
5⎞
x
9⎞
⎛
⎛
< 2 2 ⎜ 2n + ⎟ π
v < 0, for 2 2 ⎜ 2n + ⎟ π <
4
H
4⎠
⎝
⎠
⎝

where n is a positive integer. Thus, the distance required for a complete phase
reversal of this singularity in the waveform is given by 2 2πH . This can be readily
verified by calculating the response of an aluminum plate of 1 mm thickness by the
point load as a special case of the composite plate using SDPT and plotting in Figure
2.6 at an interval between 5 mm and up to 40 mm. The numerical results show that
the surface response reverses its phase at an interval of approximately 5 mm, or
approximately 2 2πH as predicted by the approximate analytical solution.
However, this effect becomes negligible at large distances from the source.
2.2.2. Lamb waves in thick plates

If the plate is thick or the wavelength is smaller compared to the thickness of the
plate, the exact plate theory must be used. In this section, a coordinated theoretical
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and experimental study is demonstrated for model verification [BAN 05b]. HsuNielsen type lead break source is used to generate an intense acoustic signal, quite
similar to a natural AE source, that the sensors detect as a strong burst. The lead
breaks have been used as an aid to simulate AE events for many years [BAN 05b,
GUO 96, PRO 99, WEA 82]. In order to compare the experimental measurements
with those from the theoretical results, the time history of the pencil lead break
source has to be known a priori. A reasonable form is given in [BRE 90].
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Figure 2.6. Time history of vertical surface displacement in a 1 mm-thick
aluminum plate subjected to a point load (SDPT)

f (t ) = −t (t − τ ) / τ 2
= 1− e

−2.1(t −τ )

; 0 < t <τ
; t >τ

(2.13)

where τ is the rise time of the load which must be determined from the experiment.
The source time history and its Fourier transform are plotted for τ = 1 µs in Figure
2.7. It should be noted that the frequency spectrum of the source has a singularity of
O( 1 / ω ) that can introduce significant errors in the numerical results at very low
frequencies. A suitable digital filter can be used in order to circumvent this difficulty
as well as to eliminate high frequency numerical noise.
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Figure 2.7. Time history and spectrum of the pencil lead break source for τ = 1 µs

A 3.1 mm-thick aluminum plate was used as an example of an isotropic material.
The acoustic emission signals from the pencil lead breaks are recorded at a spatial
interval of 15 mm. A general description of the experimental set-up is given in
section 2.3 (see Figure 2.10). A 3rd order elliptic digital filter (using Matlab) with a
passband of 0.07-0.75 MHz is applied to all measured spectra in order to eliminate
high frequency numerical noise. Then, using trial and error, the rise time of the
source is found to be τ = 1 µs for the calculated signals. The calculated and
measured signals are plotted in Figure 2.8. No attempts were made to compare the
absolute amplitudes between the measured and calculated signals due to their
variability in the experiments. Only the pulse shapes were considered for
comparison. The presence of both extensional and flexural modes can be seen in all
waveforms. The resulting acoustic emission plots show good agreement for every
separation distance between the lead break location and the recording transducer.
Let us note that after the first few twists in the acoustic emission signals, reflections
are seen in experimentally acquired waveforms. Since the measured waveform is
triggered by a constant triggering transducer at a fixed distance away from the
source and is not plotted on an absolute time scale, only the waveforms and the
relative times between the two plots can be compared. More notably, a complete
phase reversal can be seen after an interval of approximately 15 mm ( ≈ 2 2 π H ),
which was deliberately chosen as a recording interval for the test.
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Figure 2.8. Time history of vertical surface displacement in a 3.1 mm-thick
aluminum plate due to a pencil lead break source

A cross-ply graphite epoxy composite plate AS4/3502 with stacking sequence
[90/0/90/0]4S and thickness 4.4 mm was also used for theoretical and experimental
studies. The material properties [MAL 03] are listed in Table 2.2.

C11

C 22

C12

C 23

C 55

ρ

(GPa)

(GPa)

(GPa)

(GPa)

(GPa)

(gm/cm3)

145.1

13.9

7.08

6.90

7.81

1.60

Table 2.2. Material properties of the graphite/epoxy composite
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The calculated and measured signals for the pencil lead break source (see
equation (2.13)) are plotted in Figure 2.9, for propagation along 0o and 30o, and the
distance from the recording transducer to the lead break location is between 25 mm
and 100 mm at 25 mm increments. Although the signals are also recorded along 60o
and 90o, the results are omitted for brevity. A good agreement between the
calculated and measured waveforms is observed, if the rise time of the source is
chosen to be 2 µs in the calculations. In this case, a passband of 0.07-1 MHz is
applied to all calculated and measured spectra. It is also found that the extensional
modes are much stronger for propagation along 0o and 90o directions than for
propagation along 30o and 60o directions. This is most probably due to the cross-ply
arrangement of the plate, where 0o and 90o directions are the fiber directions, much
stiffer than other propagation directions. Moreover, the mutual agreement between
the calculated and experimentally acquired signals is better for distances farther
away from the source. This can be due to the absence of the non-propagating modes
in the calculations as indicated earlier. The magnitude dependence of the modes on
the propagation angle may be used to determine the source orientation.
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Figure 2.9. Time histories of vertical surface displacements in a 32 layered (4.4 mm-thick)
graphite/epoxy composite plate to a pencil lead break source
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2.3. Passive ultrasonic monitoring and characterization of low velocity impact
damage in composite plates

The term “low velocity impact” is used to describe cases where the impactor
velocity is less than 100 m/s. This broad definition covers a wide range of possible
scenarios from factory floor tool drops to flying debris striking an aircraft during
take-off and landing. For low velocity impacts, damage may begin with the creation
of matrix cracks, followed by delamination at the interface between laminae of
different fiber orientations. For stiff composite structures, impact damage initiates at
the location of high contact stresses, usually near the vicinity of the impacting
projectile. The damage then propagates by successive intra-ply cracking and
interfacial delaminations [ABR 88]. For thin composite specimens or in cases where
the target structure is sufficiently flexible, bending stresses become dominant and
the matrix cracking is caused by the tensile flexural stresses in the plies near the
non-impacted surface. The damage then propagates toward the impacted surface
through a series of intra-ply cracking and interfacial delamination. The delamination
area at an interface is dependent on the fiber orientation in the ply adjacent to the
interface.
Most of the earlier studies have modeled the low-velocity impact process as
quasi-static, and since delaminations are the major cause of strength reduction,
particularly under compression, many have focused on the prediction of the onset
and propagation of delaminations. Although the qualitative features of the sequence
of failure events have been known for some time, the precise nature of the stress
fields during impact in a generally anisotropic composite plate and their relationship
to the degree of damage is poorly understood. This is due to the complexity of the
loading conditions as well as the possible combinations of the aforementioned
composite material and impactor parameters. While it is possible to predict the onset
of damage with some degree of certainty, the detailed prediction of the final damage
state is unavailable [ABR 88]. This is an especially difficult problem since the
dynamic stresses are caused by sources that are unpredictable and signals generated
by waves, whose propagation characteristics are strongly influenced by the inherent
anisotropy and heterogenity of the composite material. We present a combined
experimental, theoretical and signal processing technique to address some of these
issues.
2.3.1. Experimental set-up

Impact tests were conducted on two different types of composite plates: (a) a 32
layered cross-ply composite plate (see section 2.3.2) and (b) a stringer stiffened
composite panel (see section 2.3.3). The general experimental set-up used for the
test cases is shown in Figure 2.10. Several broadband transducers (B1025, Digital
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Wave) with 5 MHz center frequency are placed on the plate surface. The
transmission of ultrasound is aided by the application of ultrasonic gel couplant
(Sonotech). Due to the variability of the ultrasonic signal strength for different
impact events, a set of variable signal attenuators are used to uniformly decrease the
signal amplitude so that the signal at the oscilloscope is optimal. The data
acquisition module (F4000 Fracture Wave Detector, Digital Wave) is used only as a
power source to the preamplifier and the transducers. The AE preamplifiers
(PA4020G, Digital Waves) are used as buffers for the recording devices against
unexpected spikes in the transducer output. The transducers are connected to the
signal attenuators, and are then spliced off from the preamplifiers in order to be
connected directly to a 100 MHz four-channel digital oscilloscope (54624A, Agilent
Technologies), where the ultrasonic signal is digitized and recorded. The digital
ultrasonic signal can then be downloaded directly to a personal computer for postprocessing via the data acquisition software IntuiLink (Agilent Technologies). The
response of the attenuators is shown in Figure 2.11. For the frequencies of interest
(0.1-1 MHz), the attenuation is sufficiently uniform and the phase change in the
signal is negligible, demonstrating that the signal recorded with the new set-up will
not deviate from the original system.

Figure 2.10. Experimental set-up for the non-damaging
impact test cases on aluminum
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Figure 2.11. Amplitude and phase response of the attenuators

The details of the impact experiment are illustrated in Figure 2.12. We used an
Instron-Dynatup 8250 HV frame for the instrumented impact test. It is a drop weight
system equipped with a pneumatic rebound break mechanism and compressed air to
increase the impactor velocity if necessary. The impact velocity ranges from 2 ft/sec
to 44 ft/sec (0.61 m/sec to 13.4 m/sec). With the available weights, the machine is
capable of delivering impact energies from 0.7-450 J.
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Figure 2.12. Experimental set-up for impact
acoustic emission measurements
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The impact machine is equipped with a motorized hoist for lifting the drop
weights with a cable shown on the top of the figure. A guiding device is used to
automatically fix the height of drop weights so that identical heights can be
maintained in all tests if so desired. The drop weights are secured on the top of the
impactor assembly with hand knob screws. A release mechanism is located just
above the weights in order to initiate the impact process. The projectile is termed the
impactor assembly, which includes the impactor tup, weights and the extension rod.
A highly reflective metallic flag is placed on the right of the drop weights. When the
metallic flag passes through the optical speed sensor, the impactor velocity is
recorded just prior to impact. Immediately upon impact, the pneumatic rebound
brakes are activated to push up and hold the impactor assembly in place so that the
specimen is not subjected to multiple impacts inducing further damage to the
specimen. Just above the impactor tup in the impactor assembly, a dynamic load cell
is used to record the impact load. Both impactor load versus time and the final
velocity of the impactor are transmitted to a computer via the GRC-930I data
acquisition system, where both the deflection and energy from the impact event are
then calculated from load and velocity data. The large specimen is clamped on the
holding fixture with C-clamps and two rows of rectangular aluminum support bars.
2.3.2. Impact-acoustic emission test on a cross-ply composite plate

Two impact tests were conducted on the composite plate using the experimental
set-up described above. The acoustic emission transducers were placed at the
locations shown in Figure 2.13. Two of the transducers were placed in the 0° and
90° line-of-sight to the impact location, and two other transducers were placed at
random locations. The impact tests were carried out with the impactor assembly
dropping on the plate from a height of 225 mm. The first test was done with an
impactor assembly weight of 14 lb (6.3 kg), while for the second test, the impactor
assembly weight was increased to 61 lb (27.6 kg).
After the impact tests, the exterior surface of the impact plate was inspected.
There was no visible marking or scratch on the surface of the composite plate after
the first impact test (6.3 kg). For the second test (27.6 kg), the plate exterior had a
minor dent that was about 1 mm in depth and 4 mm in diameter. Ultrasonic nondestructive tests were performed on the plate using the reflection from the back
surface of the plate as the figure of merit (FOM). A 3” × 3” (76 × 76 mm2) C-scan
was performed around the vicinity of the impact location for both impact tests. The
C-scans for the 14 lb (6.3 kg) impact test showed no trace of damage. The exterior
surface of the composite plate and the ultrasonic C-scans for the 61 lb (27.6 kg)
impact test are shown in Figure 2.14. Significant delamination, however, is evident
in the C-scan for the 61 lb (27.6 kg) test. The back surface, inaccessible in actual
health monitoring situations, also had visible protrusions, indicating the large extent
of the delamination.
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(a)

(b)
Figure 2.13. Impact and transducer locations for (a) 14 lb (6.3 kg)
load and (b) 61 lb (27.6 kg) load

65

66

Advanced Ultrasonic Methods for Material and Structure Inspection

Figure 2.14. The exterior surface of the impact area (a) and
(b) the C-scan of the same area for the 61 lb (27.6 kg) impact

The recorded acoustic emission signals are shown in Figures 2.15 and 2.16 for
the two impact tests. For both tests there were distinctive acoustic emission
signatures from the initial portion of the time history, indicating the onset of impact.
The waveforms from the surface load are typical of non-damaging impacts. For the
first test, where a 14 lb (6.3 kg) impactor assembly was used, besides some expected
reflections after impact, there are no additional events after the 3 ms mark (Figure
2.15). For comparison purposes, the data was zero-padded after the 8.7 ms mark so
that the time histories can be shown in the same time scale as the second test. For
location B there was an additional event after the initial contact load. The event has
the signature of a contact-loading source, possibly from clamping devices at the
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edge of the plate. For the second test, where a 61 lb (27.6 kg) impactor assembly
was used, there are significant numbers of acoustic emission signals after the arrival
of the waves from the initial contact load (Figure 2.16). The events begin to occur at
around 4 ms after the onset of the impact. The exact timing of the acoustic emission
signatures depends on the recording locations. These signals were generated by
sources other than the initial contact load, due to their timing and frequency
contents, which are significantly different from acoustic emission waveforms from
contact load sources.

Figure 2.15. Acoustic emission signals for locations A, B, C and D
for the 14 lb (6.3 kg) impact
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Figure 2.16. Acoustic emission signals for locations A, B, C and D
for the 61 lb (27.6 kg) impact

The calculated acoustic emission waveforms from the initial contact load for the
damaging impact are shown in Figure 2.17. For ease of comparison with the
experimental results, the rise times and the fall times were modified in order to
reflect the slower rate of loading on a plate supported by a wide span. The loading
time and unloading time were at 50 µs. The calculated waveforms generally
conform to the experimentally acquired waveforms. The two sets of waveforms
correlate better in the first few cycles; the relative initial arrival time, however, is
quite accurate.
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The waveforms from the initial impact could be predicted quite accurately in all
the cases considered here. Model-based prediction of delamination events is difficult
due to the fact that the timing of their occurrence is not distinctive enough and that
for a given impact, depending on the magnitude of the impact load, there can be
many delamination events. From our perspective, due to the uniqueness of
delamination signals, the experiment has demonstrated that identifying delamination
events from the acoustic emission waveforms can be done with some confidence.
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Figure 2.17. Calculated (left) and experimentally acquired (right) acoustic waveforms for the
initial load at locations A, B, C and D for the 61 lb (27.6 kg) impact
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The loading history from an impact test carried out on an AS4/3502 [0/90]4S
composite is shown in Figure 2.18 for an impact velocity of approximately 2.5 m/s.
Besides the usual modulation in the load for impact in a plate supported by a large
span, the loading curve has significant unloading after the 4 ms mark, signaling the
onset of failure events in the composite plate. The chain of event correlates well
with the acoustic emission data, also shown in Figure 2.18, where the number of
acoustic events dramatically increased at approximately the same time. From the
proximity in the timing of their occurrence, it is reasonable to conclude that they are
from the same type of damage events. This result indicates that significant
delamination, along with intra-ply cracks, occur in the plate during impact at that
particular moment. Although both criteria can be used as indicators for the onset of
damage, instrumenting the composite structure is usually the only viable option.
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Figure 2.18. Correlation between the onset of impact damage
from sudden unloading and acoustic emission waveform
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2.3.3. Impact test on a stringer stiffened composite panel

The potential application of the method to characterize impact damage caused by
low velocity impact in a complex structure is demonstrated in this section. A large
(1.25 m × 0.75 m × 0.002 m) graphite woven composite panel with three identical Ishaped stiffeners bonded to one of its surfaces is used in this study (Figure 2.19).
The panel was manufactured using the resin film infusion (RFI) technique. To
investigate the influence of impact damage on the vibrational characteristics of the
panel, a number of piezoelectric patches are attached to the panel surface, where
stiffeners are attached. The wave propagation studies are carried out using highfidelity surface mounted sensors on the other side of the plate, for ease in their
placement. A sledgehammer is used to strike a hemispherical impactor tup of 1/4”
diameter (3.2 mm) with enough power onto the composite panel at different
locations (Table 2.3, Figure 2.19). In some cases, the impact process was repeated
several times until damage was visible on the surface. In order to evaluate the
severity and location of the damage produced by the impact tests, an ultrasonic Cscan is carried out on the damaged panel. The C-scan result is shown in Figure 2.20
and in Table 2.3 indicating that the larger damage has been produced by the impact
at the point D. Moreover, the impact-induced delamination at D has introduced a
local debonding of the central stringer, further reducing the local stiffness of the
panel.

Impact damage

Area (mm2)

Max dimension (mm)

Min dimension (mm)

A

209

22

15

B

928

39

30

C

278

27

16

D

3,232

66

65

Table 2.3. Impact damage locations and extensions

The acoustic emission signals were captured for the impact event at C. A
schematic of the location of the impact site C and the recording transducers are
shown in Figure 2.21(a). The magnitude of the impact is sufficiently high so that it
created a small fractured zone on the back of the other side of the impacted surface
(Figure 2.21(b)). Distinctive acoustic emission signals from the initial portion of the
time history can be seen, indicating the onset of impact. There are significant
numbers of acoustic emission signals after the arrival of the waves from the initial
contact load (Figure 2.22). The events begin to occur at around 2.5 ms after the
onset of the impact. The exact timing of the acoustic emission signatures depends on
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the recording locations. These signals were generated by sources (e.g.,
microfracture, delamination initiation, etc.) other than the initial contact load, with
arrival times and frequency contents that are significantly different from the acoustic
emission waveforms from contact load sources. The results are similar to our earlier
finding, where it was demonstrated that acoustic emission waveform signals from
impact events and the associated damage can be separated and quantified with some
confidence.

(a)

c

#

(b)

Figure 2.19. (a) Photograph of the stringer stiffened composite panel with bonded
piezoelectric patches and (b) a close-up view of the I-shaped stringer
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A
C

B

(a)

(b)
Figure 2.20. (a) Top view of the C-scan test results: larger delamination occurred at the
impact point D (central stringer) and (b) impact damage locations (all dimensions are in mm)
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Figure 2.21. (a) The location of the impact site C and the recording transducers
and (b) indication of a small fractured region at the back of the impacted surface
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Figure 2.22. The acoustic emission signals due to impact in the three transducers

2.4. Autonomous active damage monitoring in composite plates

A major drawback of the ultrasonic methods discussed above is the need for
visual inspection of the waveform signals and extremely time consuming data
analysis techniques. This is clearly unpractical for monitoring existing or emerging
defects in large structures. As an alternative, a large number of algorithms have been
developed to analyze both vibration and wave propagation data collected by
embedded active sensors array. Besides using dense networks of sensor array, in
most cases these data analysis techniques rely on time consuming signal processing
or pattern recognition schemes limiting their applicability to consult a substantial
amount of data in real-time. Recently, an autonomous “damage index” approach that
can provide approximate location of the damaged zone without any visual inspection
of the signals has been developed by the authors.
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The technique stipulates the use of a sparsely distributed high frequency
ultrasonic sensor array located in critical areas in order to measure the local response
of a structure. Using measurements performed on an undamaged or partially
damaged structure as baseline, the damage indices are evaluated from the
comparison of the frequency response of the monitored structure with an unknown
damage, under the same ambient conditions. Thus, unless the environment
undergoes significant changes between the two sets of measurements (which can
occur within a very short time frame), noise, in general, will have no effect on the
results. A diagnostic imaging tool is being developed by utilizing commercial
software for the graphical interpretation of the indices in order to enable the
automated monitoring of the changes in the indices at a given instant of time. The
technique is applied to approximately locate and characterize impact damage in
composite structure. The effectiveness of the method is examined for various sensor
locations relative to the defects.
2.4.1. The damage index

The damage index (DI) technique implemented here is based on the comparison
between the frequency domain response of the recorded signals of the healthy
structure, which provide a reference or baseline, and the frequency response
determined after a sufficient amount of time, when the damage might have occurred.
The damage modifies the elastic waves propagating between the source and the
receivers due to the reflection, scattering and diffraction of the waves by the
damaged region. The frequency response of the recorded signals reflects such
variations, so ultrasonic wave propagation measurements are analyzed to detect
them.
The signals acquired during the experimental work must be successively
analyzed in order to choose a damage index whose values depend on the location of
the damage and the dimensions of the structure. The DI is defined as follows:

DI = 1−

FD T * FD
FI T * FI

(2.14)

where FI and FD are the amplitude vectors of the frequency response of the healthy
and the damaged structure, respectively. The index can, in principle, be defined for a
generic structural parameter, including displacement, velocity, acceleration, strain or
voltage measured by embedded or attached sensors. Expression (2.14) produces
positive values if any variation in the structural dynamic behavior occurs and it will
produce zeros if the experimental measurements are identical. During the
acquisitions, the mathematical coherence function between the input and the
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response signals is evaluated. The coherence function indicates the frequency
correlation between input and the response signals. This approach allows the fixing
of the frequency bandwidth limits within which the FS have to be analyzed; the
lowest and highest limits are fixed at those frequencies where the coherence function
assumes values lower then 0.9. The analysis frequency bandwidth will depend on
the sensor’s maximum operative frequency when applied to the monitored structure.
2.4.2. Applications of the damage index approach

The problem of damage identification in an impact-damaged composite plate
using a local high frequency transducer array is considered next as an application of
the damage index approach. The test sample was a cross-ply graphite epoxy
(AS4/3502) composite laminate with a stacking sequence of [0/90]8s and thickness
3.8 mm. Wave propagation tests are first performed on the intact plate. The elastic
waves are generated by a 1 µs sinusoidal pulse on the surface of the plate using a
waveform generator and are recorded at nine control points (Figure 2.23). The plate
used in the study was large enough so that the reflections from its edges could be
gated out. Both the sender and the receivers are broadband PZT transducer (Digital
Wave B1025). An impact test is then performed using an instrumented drop weight
frame (Instron Dynatup 8250). After the impact test, the plate exterior had a minor
dent that was about 1 mm in depth and 4 mm in diameter. A 60 × 60 mm2 C-scan is
performed around the vicinity of the impact location after impact tests and a
significant delamination is evident in the ultrasonic C-scan shown in Figure 2.23.
The wave propagation tests are then repeated in presence of defects as that in the
intact configuration. The locations of the source and the receivers with respect to the
damaged area are shown in Figure 2.23.
In both pre- and post-impact cases, the signals are recorded in the time domain
and then transformed into the frequency domain by FFT. The damage index D at the
ith sensor location is defined as follows:

{F }
( D) = 1−
{F }

T

i

post − impact

T

i

i

pre − impact

* { Fi

}
*{F }
i

post − impact

(2.15)

pre − impact

where F is the frequency domain response vector of the signal, whose elements are
calculated in the frequency range of interest. This definition of the index is the same
as that given in equation (2.14).
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Figure 2.23. The excitation point, control points and damage
location for the cross-ply graphite/epoxy composite plate

The delamination generated by the impact modifies the elastic waves propagating
between the source and the receivers due to reflection, scattering and diffraction of the
waves by the damaged region. Thus, the pre-impact and post-impact signals, and their
wavelet transforms at all control points differ in their properties. They are shown in
Figure 2.24 for two typical control points, 5 and 6. The primary differences in the
signals can be traced based on the attenuation and the velocity of propagation of the
waves, but would require a time-consuming inspection. As an example, for control
point 6, which is located behind the damaged area, an amplitude decay and scattering
effect can be identified in the post-impact signal and its wavelet transform due to the
large damage induced in this case. For control point 5, which is located in front of the
damaged area, reflected and scattered waves from the damaged zone can be seen in the
post-impact signal, a few cycles after the arrival of the first motion. A clear difference
between the frequency spectra of the pre-impact and post-impact signals can also be
seen in Figure 2.25. A careful model-based analysis of the signals can in principle be
used to determine the nature, location and severity of the damage. However, the
damage caused by impact is extremely complex and the solution of even the direct
problem of wave interaction with the damaged region is extremely difficult [GUO 96,
CHA 98]. Unfortunately, it is difficult if not impossible to automate the identification
process using this approach, due partly to the complexity of the interaction process and
partly to the need for the sensors to be very close to the defect. The DI approach offers
a more pragmatic approach for approximately locating and characterizing the damage.
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The index is calculated using the square of the measured voltage as the response
parameter in equation (2.15) at nine control points in the frequency range of 0.1-2.5
MHz which are plotted in Figure 2.26. We see that that the influence is pronounced at
control points 3 and 6 due to the direct transmission of the waves through the damaged
area. The indices are relatively high at these points due to the large damage induced by
the impact load.
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Figure 2.24. Pre-impact and post-impact signals and their wavelet transforms:
(a) at control point 6 and (b) at control point 5
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Figure 2.26. DI calculated using equation (2.15) for the cross-ply
graphite/epoxy composite plate of Figure 2.21
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The potential application of the DI approach is now demonstrated for practical
structures, such as the stiffened composite panel, as discussed in section 2.3.3. The
impact location is point D. The elastic waves are generated by a 2 µs sinusoidal
pulse on the surface of the plate using a waveform generator and are recorded at nine
“control points” (Figure 2.27). The index is calculated using the square of the
measured voltage as the response parameter in (2.15) at nine control points in the
frequency range of 0.1-2.5 MHz which are plotted in Figure 2.28. We see that the
influence is pronounced mostly at control points 5 and 9 due to the transmission of
the waves through the damaged area. The indices are relatively high at these points
due to the large damage induced by the impact load. Although the current study does
not demonstrate the approximate location of the damage, it is clear that the indices
are related to the source as well as the damage location. For example, the damage
index remains high at control point 5 if control point 1 is used as source. Thus, in
real-time monitoring we may have to use many source locations in order to identify
damage in a certain area.
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Figure 2.27. (a) The source, control points and damage location D for the stiffened
composite plate and (b) pre- and post-impact signals at control point 5
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Figure 2.28. DI calculated at the nine control points (see Figure 2.25)
using equation (2.15) for the stiffened composite plate

Therefore, more realistic transducer (source and receivers) arrangements will be
used to demonstrate the potential of the DI approach in this section. The impact site
is chosen at B. The locations of the source and the receivers with respect to the
damaged area are shown in Figure 2.29. In this experiment one of the transducers is
used as a source and the others as receivers, resulting in a larger number of signals.
As an example, if the transducer at location 1 is used as the transmitter (source),
then the transducers at locations 2, 3 and 4 will be used as receivers. The acquired
pre-impact and post-impact waveforms are extremely complex as shown in Figure
2.30. The theoretical modeling of the experimental data is almost impossible due to
the geometric and material complexities, and the nature of damage.
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Figure 2.29. Transducers locations and the impact site used for the test.
Any one of the transducers can be used as a source
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Figure 2.30. Pre-impact and post-impact signals and their spectra
for receiver locations 2, 3 and 4, respectively. The source is at location 1

Thus, the transducers 1, 2, 3 and 4 form a network (grid) of sensors that could be
utilized to inspect the area that falls under the grid. One may also use a broader
network such as 1, 5, 6 and 7 to start with. As a result, four sets of damage indices
can always be obtained without almost any manual intervention. Each set is denoted

1
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by Si, where i is the source location number (see Figure 2.31). The sets S1 and S4
show the highest index at the control point 3, whereas S2 and S3 show the highest
index at the control point 4. This clearly demonstrates that the damage is in
proximity of sensor locations 3 and 4. We see that the index is large at control point
4. In general, it is observed that the damage index is high when the damage falls
almost in the direct transmission path of the wave propagating between the source
and receiver locations. Research is being pursued in order to approximately localize
the defect by using four sets of indices via contour mapping. Even though the
transducers are farther apart, the appearance of a moderate defect can be easily
identified within a certain area with some confidence. It would be a simple matter to
automate the identification of the peaks in the indices and the locations in the
instrument array in order to obtain an instant feedback on the approximate location
and the severity of the defect in a large structure. Once the damage zone is predicted,
a close inspection (using conventional NDE methods) over the smaller region can be
made.
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Figure 2.31. Four sets of damage indices calculated using equation (2.15) for the plate with
impact damage at B. The sensor network 1, 2, 3 and 4 is used
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2.5. Conclusion

An overview of our recent research on damage detection in composite structures
is presented in this chapter. Firstly we described a new method for the relatively
quick calculation of the waveforms generated by localized dynamic sources in
isotropic as well as anisotropic (composite) plates. The integration scheme used to
evaluate the double wavenumber integral representation of the elastodynamic field
involves numerical calculation of only one of the integrals, thus reducing the
computational effort significantly. Good agreement between the theoretical and
experimental results is found in all the cases considered, which indicates that the
method can be used in the accurate characterization of AE sources. Delamination
events were captured using an improved experimental set-up for impact acoustic
emission experiment, where virtually unlimited event time can be recorded. Failure
events that correspond to the sudden unloading in the impactor, in addition to the
plate vibration from impact, were recorded as distinctive acoustic events from the
initiation of delaminations in damage locations. We have shown that acoustic
emission from impact events and damage can be separated and quantified.
The damage index approach presented here can be used for detection and, under
certain conditions, characterization of degradation in aircraft, aerospace and civil
structures. The analysis of the waveform signals is expected to provide more
detailed information on the location and nature of smaller defects. It is clearly
demonstrated that the damage indices increase with the level of damage and the
indices are more pronounced for the sensors located closer to the damage. However,
the accurate localization and detailed characterization of the damage would require
further research. As an example, the magnitude of the damage index is related to the
reduction in stiffness in the plate problems discussed in section 2.4. Likewise, the
size of the delamination in the large composite plate is related to the magnitude of
the damage. It should in principle be possible to determine these relationships
through more detailed numerical modeling and experiments with a large number of
specimens containing different defects. In spite of these limitations, the present
study clearly illustrates the potential effectiveness of the DI in predicting the
approximate location and severity of the damage from a large dataset collected by a
network of distributed sensors and actuators in complex structures with minimal
manual intervention. It would then be a simple matter to automate the identification
of the peaks in the indices and the locations in the instrument array in order to
characterize the defect.
More precise characterization will require local NDE of the identified areas
where defects may be present. This would reduce the time and cost of inspection of
large structures by a significant amount. However, practical implementation of the
technique in real structures will require additional research involving laboratory tests
and theoretical modeling, decisions on areas to be instrumented, installation of
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sensor arrays and codification of the algorithm. Pattern recognition techniques may
also be used if the number of datasets becomes very large. The present approach is
significantly more automated than what is done in current practice of damage
evaluation using primarily hand-held devices and visual examination of each signal
by an operator. It would also be necessary to address certain enabling technologies,
for example the development of a wireless network of distributed miniaturized
sensors, which can collect data from remote locations.
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Chapter 3

Ultrasonic Measurement of Micro-acoustic
Properties of the Biological Soft Materials

3.1. Introduction
Optics has been the main observational mode in the microscopic world for many
years. However, its domain is restricted to largely transparent media. Sokolov, in the
former Soviet Union, was the first in 1949 to propose the concept of an “ultrasonic
microscope” in order to visualize opaque media [SOK 49]. He pointed out that the
wavelength of a 3 GHz ultrasound in water is the same as the wavelength of green
light in air. At that time, however, the technologies to produce 3 GHz ultrasound did
not exist.
In 1959, Dunn and Fry at the University of Illinois developed an “ultrasonic
absorption microscope method” with 12 MHz ultrasound [DUN 59]. During the
1970s, high frequency techniques were developed for the microwave technology for
radar and satellite communications. In 1973, Quate and Lemons at Stanford
University developed a “scanning acoustic microscope (SAM)” [LEM 73], now
used in the biomedical field because of its high resolution and high quality imaging.
We have been applying SAM technology for medical and biological studies at
Tohoku University since 1980 [KUS 85, OKA 85] for the following purposes. First,
SAM can be applied for intra-operative pathological examinations since it does not
require special staining techniques. The University of California at Irvine group has
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determined that the obtainable resolution of 600 MHz SAM is sufficient to render a
microscopic diagnosis [BAR 91, JON 96]. We have shown that SAM can classify
stomach [SAI 91] and kidney [SAS 96] cancers by quantitative measurement of
ultrasonic attenuation and sound speed at 200 MHz.
Second, ultrasonic data obtained with the high frequency SAM can be used for
assessing reflectability or texture in clinical echographic imaging. Density ρ and
sound speed c determine the characteristic acoustic impedance Z of the material as:
Z = ρc

On the assumption that the interface between two fluid-like media is infinite and
plane, the relative reflected sound power, in dB, can be determined by the specific
acoustic impedance of each medium as:

dB = 10 log 10

Pr
P

i

= 10 log 10

(Z a − Z b )2
(Z a + Z b )2

where Pr is the sound power reflected at interface, Pi the incident sound power, Za
the acoustic impedance of medium a and Zb the acoustic impedance of medium b.
Although the assumption is overly broad for biological media, we have shown
that the calculated reflection data and clinical observations are in substantial
agreement for myocardium [SAI 97]. Chandraratna et al. also assessed the echobright area in myocardium by using 600 MHz SAM [CHA 97].
Third, in its simplest form, the relation between the sound speed and the elastic
bulk modulus of liquid-like media is:

c=

K

ρ

where c is the sound speed, K the elastic bulk modulus and ρ the density.
Since a biological soft tissue may be considered as a liquid-like material, this
equation may be applied to assess its elastic properties. Recent biomechanical
studies have suggested that the mechanical properties of tissues may not be
sufficiently similar to liquids and should be treated as soft solid materials. However,
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the acoustical relations of solid materials can also be described by the following
equation:
c=

E (1 − σ )
ρ (1 + σ )(1 − 2σ )

where c is the sound speed, E the Young’s modulus, σ the Poisson’s ratio and ρ the
density.
This relation shows that the Young’s modulus of tissue and the sound speed are
closely related.
In this chapter, two kinds of SAM systems were employed to characterize the
tissue components in biological specimens. In this chapter the potential for higher
resolution imaging was also described by showing the examples on cultured cells.
3.2. Materials and methods
3.2.1. Acoustic microscopy between 100 and 200 MHz
Figure 3.1 is a block diagram of the SAM system developed at Tohoku
University. The acoustic focusing element comprises a ZnO piezoelectric transducer
with a sapphire lens. The ultrasonic frequency is variable over the range of 100 to
210 MHz and the beam width at the focal volume ranges from 5 µm (at 210 MHz) to
10 µm (at 100 MHz). The focusing element is mechanically scanned at 60 Hz in the
lateral direction (x) above the specimen, which remains stationary on the specimen
holder, while the holder is scanned in the other lateral direction (y) in 8 seconds,
thus providing two-dimensional scanning. The mechanical scanner is so arranged
that the ultrasonic beam is transmitted at every 4 µm interval over a 2 mm width.
The number of sampling points is 480 in one scanning line and 480 × 480 points
make one frame. Both amplitude and phase images can be obtained in a
2 mm × 2 mm field of view. Either reflection or transmission mode are selectable in
the system. In the present study, the reflection mode was chosen. Distilled water,
which was maintained at 37°C, was used for the coupling medium between the
transducer and the specimen.
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Figure 3.1. Block diagram of the scanning acoustic
microscope system at Tohoku University
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Figure 3.2. A schematic illustration of ultrasonic reflections at the tissue

The region of interest (ROI) of the specimen was determined by observing the
two-dimensional amplitude image. Both the amplitude and phase in the ROI were
measured at 10 MHz intervals between 100 and 210 MHz in order to obtain the
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quantitative values of acoustic properties. Thus, the frequency-varying change of the
amplitude and phase were obtained.
Figure 3.2 shows a schematic illustration of ultrasonic reflections at the tissue.
The reflection (yr) is assumed to be the sum of two components; one is the reflection
from the surface of the tissue (ys) and the other is the reflection from the interface
between the tissue and glass (yb). The interferences of ys and yb are determined by
the central frequency of the transmitted ultrasound.
The equation below shows the relationship between frequency, amplitude and
phase due to the interference between the reflection of the surface and bottom of the
specimen. By fitting the obtained frequency varying curve with the calculated values,
the thickness of the tissue in the ROI was obtained:
yr = ys + yb
=Re

−j

2π f
c

+ Ae

⎛ 1 1⎞
− j 2π f 2 d ⎜⎜ − ⎟⎟
⎝ cw c ⎠

where yr was the received signal, ys the reflection from the surface of the specimen,
yb the reflection from the bottom of the specimen, R the sound power coefficient of
surface reflection, f the frequency, c the sound speed of the specimen, d the
thickness of the specimen and A the slope of attenuation.
Figure 3.3 shows graphs of the relationship between the frequency and the
amplitude or phase in a 5 µm thickness specimen.
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Figure 3.3. Graphs showing frequency-dependent characteristics of amplitude (left)
and phase (right) in the frequency range between 100 and 200 MHz
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Once the thickness of the specimen was determined, the attenuation and sound
speed were calculated by the following equations:
A=

10 log( P / P0 )
fd

where A was the slope of attenuation, P the sound power of reflection from the
tissue, P0 the sound power of reflection from the glass, f the frequency and d the
thickness.
c=

1
1
θ
−
c w 2π f d

where f was the frequency, d the thickness of the specimen, c the sound speed in the
specimen, cw the sound speed in the coupling medium and θ the phase shift.
Thus, quantitative values of slope of attenuation and of sound speed of each
pixel could be obtained and this was the most important property of the scanning
acoustic microscope system. The data of slope of attenuation and sound speed were
converted into color signals and displayed on a color monitor as two-dimensional
distribution patterns. Figure 3.4 shows the color bar scales of attenuation and sound
speed.
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0.125
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Figure 3.4. Color scale of attenuation and sound speed used
in the scanning acoustic microscope system at Tohoku University

For SAM examination, the tissue was frozen and sectioned at 10 µm by a
cryostat and mounted on a slide glass. For optical imaging, the tissue was formalinfixed, paraffin embedded and sectioned at 4 µm by a microtome. The specimen was
stained with Elastica-Masson’s trichrome and used for optical microscopy. The ROI
for acoustic microscopy was determined by optical microscopic observations. The
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tissue components in normal and atherosclerotic arteries were classified as the
following tissue components: normal intima, fibrosis, calcification, lipid, normal
media and normal adventitia. The ROI was determined in such way that only a
single tissue component was included. Then, the mean values of attenuation and
sound speed of each tissue component were averaged.
3.2.2. Sound speed acoustic microscopy
As described in the previous section, the acoustic microscopy developed in the
20th century has provided two acoustic parameters such as attenuation and sound
speed, and both parameters are useful for ultrasonic tissue characterization. However,
it required several scans at the same portion with different frequencies for
quantitative imaging. A new concept acoustic microscopy based on frequency
domain analysis of a pulsed ultrasound instead of burst waves in the previous system
has been developed since 2001. Figure 3.5 shows a block diagram of the system
named sound speed microscopy. A single pulsed ultrasound with 5 ns pulse width
was emitted and received by the same transducer above the specimen. The aperture
diameter of the transducer was 1.2 mm and the focal length was 1.5 mm. The central
frequency was 80 MHz and the pulse repetition rate was 10 kHz. Considering the
focal distance and the sectional area of the transducer, the diameter of the focal spot
was estimated as 20 µm at 80 MHz. Distilled water was used as the coupling
medium between the transducer and the specimen. The reflections from the tissue
surface and from the interface between tissue and glass were received by the
transducer and were introduced into a digital oscilloscope (Tektronics TDS 5052,
USA). The frequency range was 300 MHz and the sampling rate was 2.5 GS/s. Four
instances of pulse responses at the same point were averaged in the oscilloscope in
order to reduce random noise.
Ultrasonic reflection

Ultrasonic
transducer

Electric pulse

Acoustic lens

Water
X-stage
Y-stage

Pulse generator

Tissue

Trigger

Digital
oscilloscope
with PC

RS-232C

Linear
motor
Microcomputer
board
Stepping
motor

Display

Figure 3.5. Block diagram of sound speed scanning acoustic microscopy
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The transducer was mounted on an X-Y stage with a microcomputer board
which was driven by the computer installed in the digital oscilloscope through
RS-232C. X-scan was driven by a linear servo-motor and y-scan was driven by a
stepping motor. Finally, two-dimensional distributions of ultrasonic intensity, sound
speed and thickness of the specimen of 2.4 × 2.4 mm area were visualized with
300 × 300 pixels. Total scanning time was 121 seconds.
Reflected waveforms are shown in Figure 3.6. The waveform at the glass surface
without tissue is shown in (a). This signal was employed as a reference waveform.
The decline of the glass surface was compensated by measuring three different
points in the glass area surrounding the tissue. The waveform from the tissue area is
shown in (b). Although the waveform contains two reflections at the surface and the
interface of tissue and glass, two components cannot be separated in time domain
analysis. Thus, the frequency domain analysis was performed by analyzing
interference between two reflections. Intensity and phase spectra were calculated by
Fourier-transforming the waveform. The spectra are normalized by the reference
waveform. Figure 3.7 shows the frequency domain analysis of interfered waveform.
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Figure 3.6. Reflected waveforms (a) from the glass surface without tissue
and (b) from the tissue area
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Figure 3.7. Frequency domain analysis of interfered waveform. fmin is the minimum point
in the intensity spectrum and φmin the corresponding phase angle

Assuming fmin as the minimum point in the intensity spectrum and φmin as the
corresponding phase angle, the phase difference between the two reflections at the
minimum point is (2n – 1)π, giving:
2πf min ×

2d
= φmin + (2n − 1)π
co

where d, c0, and n are the tissue thickness, sound speed of the water and a nonnegative integer, respectively. Assuming fmax as the maximum point in the intensity
spectrum and φmax as the corresponding phase angle, the phase difference at the
maximum point is 2nπ, giving:
2πf max ×

2d
= φmax + 2nπ
co

The phase angles φmin and φmax can be expressed by:
⎛ 1 1⎞
2πf min × 2d ⎜ − ⎟ = φmin
⎝ c0 c ⎠
⎛ 1 1⎞
2πf max × 2d ⎜ − ⎟ = φmax
⎝ c0 c ⎠
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since φmin or φmax is the phase difference between the wave passed through the
distance 2d with sound speed c and that passed through the corresponding distance
with sound speed c0. By solving the above equations:

d=

c0
{φmin + (2n − 1)π }
4πf min

d=

c0
(φmax + 2nπ )
4πf max

is obtained for the minimum point. For the maximum point:

⎛1
⎞
φ
c = ⎜ − max ⎟
⎝ c0 4πf max d ⎠
is obtained.
Sound speed at the each frequency is finally calculated as:

⎛1
⎞
φ
c = ⎜ − min ⎟
π
c
4
f
d
min
⎝ 0
⎠

3.2.3. Acoustic microscopy at 1.1 GHz
A scanning acoustic microscope (SAM2000; KSI, Herborn, Germany) was
equipped for semi-quantitative ultrasonic measurements. In the present study, an
acoustic lens with the optimal frequency range between 800 MHz and 1.3 GHz was
used. The SAM frequency chosen in the experiments was 1.1 GHz because the
image quality was best. Distilled water was used for the coupling medium between
the transducer and the sample. The temperature of the transducer, coupling medium,
sample and the glass substrate was maintained at 37°C by a heating plate. The Rf
output gain was fixed for all experiments. In the SAM system, an 80 dB difference
of ultrasonic intensity corresponded to 256 gray scales (0-255). The reflection from
the glass surface was set at level 255 (white). The average thickness of the specimen
was determined by lazer micrometer. Ultrasonic attenuation at each pixel was
calculated from the number of the gray level and the thickness. All of the SAM
images were stored in a personal computer for statistical analysis.
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First, acoustic image of atherosclerotic plaque was taken by SAM then the same
field was captured by the optical and polarized microscopy. The images were
analyzed using computer-assisted image analysis equipment (Leitz DMRBE light
microscope; Leica Wetzlar, Germany, JVC KY-F55 color video camera; Victor Co.
Ltd., Tokyo, Japan, Scion CG-7 RGB color frame grabber and ScionImage; Scion
Corporation, Frederick, MD, USA, and Photoshop; Adobe Systems Inc., Seattle,
WA, USA). Although the picrosirius red staining was not a specific staining
technique, the area with collagen was specifically visualized by polarized
microscopy. The areas were differentiated according to the polarized color: longer
wavelength (red or yellowish) or shorter wavelength (green).
For the study at 800-1300 MHz, 11 normal human coronary arteries and 23
atherosclerotic aortae in Apo-E deficient mice were involved. The specimen was
perfusion-fixed at 100 mmHg with phosphate-buffered 4% formaldehyde (PH 7.2)
and immersed in the fixative overnight. The specimen was sectioned at 4 µm and
embedded in paraffin. The paraffin was removed by a coconut oil and graded
alcohol process for study. Unstained sections were used for the SAM investigations.
After the SAM investigation, the sample was stained with Sirius red and covered by
a cover glass. The same field observed by SAM is also observed by normal and
polarized optical microscopy for comparing the tissue components.
To test the potential of acoustic microscopy, living cells were also visualized.
Human renal artery smooth muscle cells were cultured on 35 mm diameter dishes
with the Dulbecco’s modified Eagle’s medium and 10% heat-incubated bovine
serum. The incubator was maintained at 37°C and filled with 95% air and 5% CO2.
Phosphate buffered saline was used for the coupling medium between the SAM
transducer and the cells. SAM images of a single cell were recorded at 3 minute
intervals in order to detect the cellular motility. The difference between two
consecutive frames was considered as the cellular motility. Calculated difference
was colorized and overlaid on a SAM image.
3.3. Results
3.3.1. Gastric cancer [SAI 91]
It is very important to detect cancer at an early stage and to distinguish
malignant cells from benign tissues. With endoscopic ultrasonography it is possible
to observe submucosal invasions of cancerous tissue not detected by standard
endoscopic biopsy. However, endoscopic ultrasonography cannot be used as yet for
the classification of the gastric cancer. To determine the acoustic properties of each
type of gastric cancer tissue is thus important for understanding the clinical
appearances of gastric cancer.
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The gastric cancer tissues were classified into five groups according to their
pathological findings: papillary adenocarcinoma, well-differentiated tubular
adenocarcinoma, moderately differentiated tubular adenocarcinoma, poorly
differentiated adenocarcinoma, and signet-ring cell carcinoma.

Figure 3.8. Acoustic microscope images (left: attenuation, right: sound speed)
of papillary adenocarcinoma

Figure 3.9. Acoustic microscope images (left: attenuation, right: sound speed)
of well-differentiated tubular adenocarcinoma
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Figure 3.10. Acoustic microscope images (left: attenuation, right: sound speed)
of moderately differentiated tubular adenocarcinoma

Figure 3.11. Acoustic microscope images (left: attenuation, right: sound speed)
of poorly differentiated adenocarcinoma

Figure 3.12. Acoustic microscope images (left: attenuation, right: sound speed)
of signet-ring cell carcinoma
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For the signet-ring cell carcinoma specimens, the mean attenuation constant is
0.5 dB/mm/MHz and the sound speed is 1,523 m/s, which are significantly lower
than those of the normal mucosa and of the other types of gastric cancer tissues,
except for poorly differentiated adenocarcinoma.
Table 3.1 gives the average and standard deviations of attenuation and sound
speed.
Tissue type

Attenuation
(dB/mm/MHz)

Sound speed
(m/s)

Normal mucosa

1.0 ± 0.5

1,619 ± 21

Well-differentiated tubular adenocarcinoma

2.1 ± 0.3

1,667 ± 17

Moderately differentiated tubular
adenocarcinoma

1.4 ± 0.1

1,600 ± 5

Poorly differentiated adenocarcinoma

0.7 ± 0.1

1,557 ± 5

Papillary adenocarcinoma

1.1 ± 0.1

1,610 ± 22

Signet-ring cell carcinoma

0.5 ± 0.1

1,523 ± 9

Table 3.1. Average and standard deviations of acoustic properties of gastric cancer tissues

The values of the attenuation constant and the sound speed increased as the
cellular differentiation proceeded through the three kinds of tubular adenocarcinoma.
As the density of the biological soft tissues can be assumed to be nearly constant,
increased sound speed can thus be interpreted to mean that tubular adenocarcinoma
tissues become acoustically stiffer as the differentiation of the tissue proceeds.
Electron microscopy has shown that the number of desmosomes, which are
considered to attach cell-to-cell, is significantly decreased in poorly differentiated
adenocarcinoma. Well-differentiated tubular adenocarcinoma specimens exhibit
nearly the same number of desmosomes as in normal mucosal tissue. This increasing
trend was thus regarded as the result of the tightening of the intercellular attachment.
Both the attenuation constant and the sound speed were significantly lower in the
signet-ring cell carcinoma than in the adenocarcinoma. The intracellular component
of the signet-ring cell carcinoma is the periodic acid-Schiff (PAS) stain positive
substrate. The lower values of the attenuation and sound speed may be accounted for
the intracellular chemical components of the tumor tissues.
These data of gastric cancer tumors clearly show that the SAM system can be
used to classify the types of cancer tissues, as revealed by measurement of the
acoustic parameters of the pathologies.
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3.3.2. Renal cell carcinoma [SAS 96]
Renal cell carcinoma is known to exhibit both low and high intensity echoes in
clinical echography. Although the relationship between the echographic appearance
and the histological appearance has been studied previously, the earlier studies did
not reveal the nature of this relationship clearly. Thus, measurements of the acoustic
properties at the microscopic level were considered to be important for
understanding the clinically obtained echographic features.
Renal cell carcinoma is classified into two groups: clear cell subtype and
granular (dark) cell subtype.

Figure 3.13. Optical (left), attenuation (center) and sound speed (right) images of clear cell
subtype of renal cell carcinoma. The arrow indicates hemorrhage

Figure 3.14. Optical (left), attenuation (center) and sound speed (right)
images of granular cell subtype of renal cell carcinoma
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Table 3.2 shows the results of the measurement. The values of attenuation
constant and sound speed are 1.15 dB/mm/MHz and 1,624 m/s, respectively, for
normal renal cortex. Both parameters have significantly lower values for clear cell
and granular cell subtypes than those of normal cortex. No significant difference is
seen between these two subtypes of renal cell carcinoma.
Both the attenuation constant and the sound speed show significantly higher
values for hemorrhages and fibrotic tissues.
Tissue type

Attenuation
(dB/mm/MHz)

Sound speed
(m/s)

Normal cortex

1.2 ± 0.2

1,624 ± 34

Normal medulla

1.1 ± 0.2

1,582 ± 12

Clear cell subtype

0.4 ± 0.1

1,530 ± 13

Granular cell subtype

0.5 ± 0.2

1,534 ± 12

Table 3.2. Average and standard deviations of acoustic properties
of renal cell carcinoma tissues

The interface echo separating a pair of media is explained in terms of the
magnitude difference of the two specific acoustic impedances. The difference of the
acoustic impedance between clear cell and hemorrhage is very large, thus, a strong
echo may be produced at the interface between the two types of tissue elements.
However, the ideal reflection is usually discussed with the understanding that the
fluid-like media are infinite and plane. The size of the hemorrhage in Figure 3.13 is
about 500 µm, and it is not clear how this size influences the reflection.
3.3.3. Myocardial infarction [SAI 97]
Ultrasonic tissue characterization of myocardium has become very important
because the needs of evaluating local cardiac function has been increasing. In the
present study, acoustic properties of the tissue elements in myocardial infarction and
dilated cardiomyopathy were measured and the elastic bulk modulus of the normal
and pathological myocardium was assessed from the acoustic parameters.
Four kinds of tissue elements: normal myocardium, degenerated myocardium,
granulation and fibrosis, were observed in the specimens.
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Figure 3.15. Optical (left), attenuation (center) and sound speed (right)
images of acute myocardial infarction

Figure 3.15 shows the acoustic image of the myocardial infarction tissue.
Fibrotic lesion represents high attenuation in this image. Table 3.3 gives the results
of the measurement.
Tissue type

Attenuation
(dB/mm/MHz)

Sound speed
(m/s)

Normal myocardium

0.9 ± 0.1

1,620 ± 8

Degenerated myocardium

0.7 ± 0.1

1,572 ± 11

Granulation

0.9 ± 0.5

1,590 ± 33

Fibrosis

1.8 ± 0.1

1,690 ± 9

Table 3.3. Average and standard deviations of acoustic
properties of acute myocardial infarction tissues

The sound speeds were 1,620 m/s in the normal myocardium, 1,572 m/s in the
degenerated myocardium and 1,690 m/s in the fibrosis, respectively. The density of
each tissue element was measured by the graded CuSO4 solution method and the
specific acoustic impedance was calculated by the sound speed and the density of
each tissue element. The values were 1.75 × 106 Ns/m3 in the normal myocardium,
1.69 × 106 Ns/m3 in the degenerated myocardium and 1.85 × 106 Ns/m3 in the
fibrosis, respectively. On the assumption that the interface between two kinds of
tissue elements is infinite and plane, the dB level of the relative reflected sound
power can be calculated. The level at the interface between degenerated
myocardium and fibrosis is the greatest value among those considered in this study.
The clinical echocardiography works showed that the strong echoes were observed
at the area of the scar in myocardial infarction. The origin of the strong echoes may
be proposed by the present study.
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As the biological tissues are modeled as fluid, the values of bulk modulus also
can be calculated from the values of sound speed and density. The value of bulk
modulus was 2.84 × 109 N/m2 in the normal myocardium, 2.65 × 109 N/m2 in the
degenerated myocardium and 3.12 × 109 N/m2 in the fibrosis, respectively. Here we
see that the elasticity of fibrotic tissue increases 10% and that of degenerated
myocardium decreases 6% in comparison with normal myocardium. One of the roles
of collagen fibers in acute myocardial infarction is to prevent the expansion of the
infarction, and the frequency of left ventricular rupture has been reported higher in
the group which exhibits no remarkable increment of the scar in myocardium.
The elasticity of the fibrosis was considered to be adapted to the
pathophysiology of myocardial infarction. The fibrosis in myocardial infarction is
known to prevent the infarct expansion and the cardiac rupture.
3.3.4. Heart transplantation [SAI 05]
A mouse received a heart transplant with a heterotopic abdominal model. It was
not given anti-immune drugs and died 7 days after surgery. Histological specimens
were prepared in order to make a cross-section of the heart, and were sliced at 10 µm
thickness for scanning acoustic microscopy and 4 µm for Elastica-Masson staining
for optical microscopy. The specimen was ranked at AR grade 3 according to the
following scale of increasing levels of allograft rejection (AR): AR grade 0 (normal),
AR grade 1 (lymphocyte infiltration), AR grade 2 (focal necrosis), AR grade 3
(diffuse necrosis) and AR grade 4 (presence of hemorrhages) as proposed in the
Journal of Heart and Lung Transplantation.
The specimen was first scanned by the conventional SAM comparing with the
optical microscope image of neighboring section. Then the same specimen was
scanned again with sound speed acoustic microscopy so as to visualize the same
view. These two kinds of images were largely compared and frequency-dependent
characteristics of amplitude and phase of a region of interest were also compared.
Figure 3.16(a) shows that the left part (inner part) is necrotic tissues with hyaline
degeneration and the right part (outer part) is normal myocardium. In Figure 3.16(b),
the attenuation was 0.8 dB/mm/MHz in the necrotic tissue and 1.2 dB/mm/MHz in
the normal myocardium. In Figure 3.16(c), the sound speed was 1,580 m/s in the
necrotic tissue and 1,610 m/s in the normal myocardium. Intensity image was
generated with two-dimensional distribution of a peak signal amplitude. Then, the
meaning of the image was different from the attenuation image of conventional
SAM. In Figure 3.16(e), the sound speed was 1,580 m/s in the necrotic tissue and
1,610 m/s in the normal myocardium. ROIs are shown in Figure 3.16(c) and 16(e)
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Figure 3.16. (a) Optical microscopic image, (b) attenuation image of conventional SAM,
(c) sound speed image of conventional SAM, (d) intensity image of sound speed SAM and
(e) sound speed image of sound speed SAM of a rat cardiac allograft model

3.3.5. Atherosclerosis [SAI 98, SAI 01]
Ultrasonic tissue characterization of atherosclerosis is important for two major
reasons: the acoustic parameters represent the physical properties of the
atherosclerosis and the data provide important information for understanding the
clinical appearance of intravascular ultrasound. The acoustic properties of the three
layers in the normal and the atherosclerotic coronary arteries were measured.
Figure 3.17 shows the optical (a), attenuation (b) and sound speed (c) images of
atherosclerotic human coronary artery visualized with the 100-200 MHz range
acoustic microscope. Normal coronary artery is comprised of three layers: intima
consisting of endothelium and thin collagen fiber, media consisting of smooth
muscle and elastic fiber, and adventitia consisting of collagen fiber. In this figure,
the intima is thickened and a lipid core (L) underlying a thick “fibrous cap” (F) is
observed in the intima. The lipid shows very low values of attenuation and sound
speed compared with fibrosis. Figure 3.18 shows the optical (a), attenuation (b) and
sound speed (c) images of an atherosclerotic human coronary artery with coronary
thrombosis. Newly organized thrombosis (T) shows higher values of attenuation and
sound speed than those of the fibrosis (F).
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Figure 3.17. Optical (a), attenuation (b) and sound speed (c)
images of an atherosclerotic coronary artery

Figure 3.18. Optical (a), attenuation (b) and sound speed (c)
images of an atherosclerotic coronary artery with coronary thrombosis

Figure 3.19 shows the optical (a), 200 MHz (b) and 1.1 GHz (c) acoustic
microscopy images of normal human coronary artery. The image quality is better in
1.1 GHz image, as for example, each elastic fiber in the media can be observed in
the 1.1 GHz image while the media is almost homogenous in the 200 MHz image.
However, the three-layered appearance of coronary artery is more obvious in the
200 MHz image. The intima and adventitia show higher ultrasonic attenuation than
that of media.
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Figure 3.19. Optical (a), 200 MHz (b) and 1.1 GHz (c)
acoustic microscopy images of a normal human coronary artery

Figure 3.20 shows the normal light (a), polarized light (b) and acoustic (c)
microscopy images of a normal coronary artery. The ultrasonic frequency is
1.1 GHz. Endothelial cells aligning in a single layer and thin fibrosis comprise the
intima. The smooth muscle cells and elastic fibers consisting of the media are shown
by the acoustic image. Collagen fibers in the adventitia are highlighted by the
polarized image. No pathological atherosclerotic lesions were found in this
specimen.

Figure 3.20. Normal light (a), polarized light (b) and
(c) acoustic microscopy images of a normal human coronary artery

Figure 3.21 shows an atherosclerotic plaque found in a healthy young adult
without a history of ischemic heart disease. The collagen network in the intima is
shown. Although the lipid in the plaque was completely removed by alcohol
dehydration, the remaining outer shape of the cholesterol crystal indicates that the
cholesterol had existed in the spaces. The fibrosis in the plaque can be classified into
two categories by optical and acoustical findings: weak polarization and low
ultrasonic attenuation, and strong polarization and high ultrasonic attenuation.
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Figure 3.21. Normal light (a), polarized light (b) and (c) acoustic microscopy
images of an atherosclerotic lesion found in a healthy young adult

Figure 3.22. Normal light (a), polarized light (b) and (c) acoustic microscopy
images of thick fibrous cap in an Apo-E deficient mouse

Figure 3.23. Normal light (a), polarized light (b) and (c) acoustic microscopy
images of thin fibrous cap in an Apo-E deficient mouse
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Figure 3.22 shows a thick fibrous cap in an Apo-E deficient mouse; more
precisely, a fibrosis is strongly polarized in orange in the polarized image and shows
high attenuation in SAM image. Figure 3.23 shows a thin fibrous cap in Apo-E
deficient mouse. Thin fibrous cap overlying thick lipid pool is shown. In the lipid
pool, some macrophages can be recognized by SAM image. The sparse collagen
network in the lipid pool is polarized in apple green, which indicates type III
collagen or thin collagen fibrils in polarized microscopy.
Tissue type

Attenuation
(×103 dB/mm at 1.1GHz)

Collagen (Type I)

17.2 ± 2.6

Collagen (Type III)

6.6 ± 2.1

Smooth muscle

4.7 ± 1.9

Elastic fiber

15.5 ± 2.4

Adventitia

16.1 ± 2.1
Table 3.4. Acoustic properties of tissue components
of atherosclerosis in Apo-E deficient mice

Table 3.4 shows the results of the study on Apo-E deficient mice. Type I
collagen characterized by orange polarized color in polarized microscopy showed
high attenuation in acoustic microscopy. In contrast, type III collagen characterized
apple green, showed low ultrasonic attenuation by acoustic microscopy.

Figure 3.24. SAM image of a human renal artery smooth muscle cell
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Figure 3.23 shows a SAM image of a human renal artery smooth muscle cell.
The cellular motility was colorized. Striations observed in the cell are produced by
the interference between the surface and the bottom (interface between the cell and
the plastic plate) of the cell. The interference can be considered as the difference of
thickness. Blue indicates the difference between the previous and the present frames,
while red indicates the difference between the present and the next frame.
3.4. Conclusion
The acoustic properties of biological tissues were obtained with two sets of
scanning acoustic microscope system, which were both able to visualize high quality
microscopy images suitable for histopathological examinations. The data suggest
that the measurement of acoustic properties at the microscopic level is useful in
order to characterize the types of cancer. The differentiation of cancer was also
correlated with acoustic and mechanical properties of the cell type.
For cardiovascular tissues, micro-acoustic properties provided important
information on biomechanical properties. Biomechanics of these tissues are
especially important for assessing pathophysiology because the tissues are always
receiving stresses such as blood pressure or blood flow. High frequency ultrasound
can distinguish type III collagen from type I collagen fiber in atherosclerotic plaque
in animal experiments. As type III collagen is closely associated with the appearance
of macrophages and metalloproteinase, high frequency ultrasound can possibly
detect a vulnerable plaque leading to coronary syndrome. Development of high
frequency technologies in informative technologies and micro- and nano-machine
techniques would contribute to the development of high frequency ultrasound
imaging also in clinical settings.
Cells are considered as a visco-elastic material and the acoustic microscopy
shows information on viscosity by attenuation and information on elasticity by
sound speed. Instead of stretching cells or using atomic force microscopy for
measuring biomechanical properties, acoustic microscopy can be used to measure
precise mechanical property distribution without contact.
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Chapter 4

Corrosion and Erosion Monitoring of Pipes
by an Ultrasonic Guided Wave Method

4.1. Introduction
Corrosion continues to be a focus of attention for the owners and operators of
almost all steel structures. Periodic or continuous inspection of objects for the
occurrence of corrosion and monitoring the extent and severity of known corrosion
areas ensure that the installation can be operated within a safe zone of the design
criteria. New, more effective structural health monitoring (SHM) techniques cannot
only significantly increase the safety of crucial systems but also substantially reduce
their overall operation cost. The useful service life of the structure can be prolonged
as long as there is an SHM system available that is capable of accurately and
reliably monitoring how corrosion is progressing so that appropriate control
measures can be taken. This cannot be achieved without tools such as corrosion
sensors. Hidden corrosion is the most difficult to detect and monitor. In components
such as those covered by insulation, dismantling may be required because
accessibility itself poses an inspection problem. Internal corrosion of pipes, the
subject of this chapter, is naturally hidden from external detection and must be
monitored by either troublesome internal devices or by penetrating external
inspection techniques.
Erosion in pipes usually occurs as a result of two adverse conditions, namely the
presence of sand and/or increased flow velocity that often leads to turbulence. If the
Chapter written by Geir INSTANES, Mads TOPPE, Balachander LAKSHMINARAYAN and
Peter B. NAGY.
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flow velocity is high enough it will be erosive by itself. With the combination of
high flow velocity and sand present in the fluid, the erosion rate could be much
higher. Under unfavorable conditions, erosion can happen very quickly; it can cut
through a 12 mm-thick steel wall in less than two hours. Sand erosion has become
an important concern both in the design of new field developments and the
prolongation of the life-cycle of operating oil and gas fields. In many existing fields,
the erosion potential increases toward the end of the life of the well due to
decreasing pressure, increasing gas/oil ratio (GOR), and rising sand production.
Under such conditions, optimal inspection and maintenance intervals and methods
can be chosen based on detailed assessment of the erosion rates of the different
components in the system. In such assessments, the whole production line has to be
considered in its full complexity.
Corrosion and erosion detection and monitoring are essential prognostic means
of preserving material integrity and reducing the life-cycle cost of industrial
infrastructure, ships, aircrafts, ground vehicles, pipelines, oil installations, etc. It is
important to point out that, for the purposes of this study, corrosion monitoring
means simply assessing the remaining wall thickness of key components, such as
piping, valves, vessels, vessel internals, condensers, boilers and heat exchangers,
which are degraded by corrosion attack. Other physical effects of the ongoing
corrosion process itself can be monitored by different means such as measuring
environmental conditions, exposing material coupons and using electrical resistance,
linear polarization resistance, and galvanic probes [JAS 02]. Similarly, ongoing
erosion can be monitored by different means, for example by acoustic emissions,
which are complementary to wall thickness assessment and represent important
aspects of comprehensive health monitoring. Pipeline monitoring systems often have
to face extremely hostile conditions of operation [JOO 95, DIC 97]. In addition, they
must also show sufficient selectivity to wall thickness reduction in the presence of
surface roughness, fluid loading, solid deposits, temperature variations and a host of
other spurious factors that make the development of a robust wall thickness
assessment tool a very challenging task.
According to a recent review, as many as 85 different NDE methods have been
suggested and used for predictive maintenance of oil and gas pipelines [BOV 95]. In
steel pipelines, the most frequently used in-service corrosion inspection techniques
are based on the magnetic flux leakage (MFL) method [ATH 89, JAN 94, JAN 95,
MAO 03, COU 06, ZUO 06]. However, MFL corrosion monitoring devices measure
the loss of wall rather than the remaining wall thickness which is necessary to
predict the remaining service life of the pipe. Even more importantly, the method
relies on internal devices called “pigs” and therefore it cannot be used for nonintrusive monitoring purposes. The accuracy of the MFL method is limited to ≈10%
relative wall thickness loss by inherent variations in the magnetic permeability of the
pipe steel, which is about one order of magnitude worse than the desirable
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sensitivity in long-term corrosion/erosion monitoring (CEM) of pipelines. Finally,
MFL pigs cannot inspect most of the transmission pipelines and distribution mains
due to restrictions that will not allow a tool that closely matches the inner pipe
diameter to pass through. Remote field eddy current (RFEC) methods offer an
alternative technique for inspection of such systems with varying dimensions
because the pig itself can be made much smaller than the pipe diameter [TEI 05]. It
has been shown that the RFEC method can be exploited to build a free-swimming
tool capable of inspecting miles of pipeline at a time and bypass restrictions, but it is
still internal and not suitable for long-term corrosion monitoring. Needless to say
that internal corrosion monitoring of subsea oil and gas production equipment
presents even more serious challenges and require very sophisticated and expensive
methods [JOO 95, EDE 04].
For external monitoring of internal wall thickness loss due to erosion and
corrosion, direct electric and ultrasonic methods seem to be the best candidates. The
direct current potential drop (DCPD) method has been used for non-intrusive
monitoring of wall thickness variations for at least 50 years [MCM 59]. This simple
technique relies on a four-point resistance measurement. Monitoring electrodes are
mounted at predetermined areas where corrosion attacks are likely to occur [DAA
96, FAR 04, BUR 06, WEL 06]. For a given electrode arrangement, material
resistivity and excitation current, any change in the observed potential drop will
represent a corresponding change in the geometry, such as changing wall thickness
or the presence of a crack in the inspection region. In order to reduce variations
associated with sensor positioning, the electrodes are usually welded to the outside
of the pipe or other structure to be monitored. The so-called field signature method
(FSM) eliminates the problems associated with initial uncertainties in system
geometry by recording the initial potential drops between a series of electrodes and
then monitoring the subsequent variations relative to these baseline values [DAA 96,
RUD 97]. Monitoring schemes based on this approach suffer from a number of
technical difficulties, the most crucial among them being inherent resistivity
variations due to temperature changes.
Traditionally, corrosion-induced wall thickness reduction has often been
monitored by ultrasonic means [RUD 97]. Ultrasonic spot inspections of wall
thickness based on simple time-of-flight (TOF) measurements are routinely used for
corrosion and erosion assessment. Although the technique is somewhat sensitive to
spurious effects of coating and deposits, its accuracy is quite sufficient in most
applications [MCL 00]. The need for fluid coupling can be eliminated by using
electromagnetic acoustic transducers (EMATs) or special gas-coupled transducers
[TEI 03, SHU 05].
Guided wave inspection has the potential to extend ultrasonic corrosion
measurements in pipes over very long distances [ROS 96, LOW 98, ALL 01, ROS
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02, CAW 03, ALL 04]. For example, dry-coupled piezoelectric transducer systems
were shown to be capable of detecting corrosion in chemical plant pipework using
cylindrical Lamb waves in pulse-echo mode over distances approaching 50 m in
steel pipes [ALL 97] and they can propagate through multiple bends [DEM 05]. It
was also shown that low-frequency axisymmetric modes can propagate over long
distances even in buried, water-filled iron pipes [LON 03]. Most of such inspections
are based on reflection measurements in pitch-catch mode [ALL 96, LOW 98, ALL
04, DEM 04]. Carefully selected extensional, flexural or torsional ultrasonic guided
waves in the pipe wall provide an attractive solution for long-range corrosion
monitoring because they can be excited at one location on the pipe and will
propagate along the pipe, returning echoes indicating the presence of corrosion or
other pipe features. However, reflection measurements are rather sensitive to the
presence of a distinct transition between sections of different thickness.
Transmission measurements in pitch-catch mode work better when no such localized
transition exists and the wall thickness varies in a gradual manner [ZHU 98]. It was
shown that ultrasonic guided wave attenuation measurements can be used for wall
loss detection due to corrosion [CHA 02]. Various wave modes can be used to best
detect thinning of the pipe wall based on mode cut-off, group and phase velocity,
transmission coefficient or attenuation measurements. For example, by carefully
selecting the inspection frequency to match the range of wall thickness in the pipe,
we can measure the group velocity of the S0 mode for corrosion monitoring [JEN
01].
Ultrasonic guided wave inspection methods can also be distinguished based on
the generation and detection principles they rely on as well as the different physical
principles of the transducers used. Conventional, normal and angle beam transducers
exhibit very different spatial and temporal frequency characteristics that can be
analyzed using source influence theory [LUO 04]. Typically, inspection is based on
a single carefully selected guided mode. However, in some cases, a multimode
approach is adapted, for example, by using a linear array comb transducer [QUA
99]. Guided waves generated by axisymmetric and non-axisymmetric surface
loading have their distinct advantages and disadvantages [SHI 99]. Time-delay
periodic ring array (TDPRA) has been used to generate axisymmetric guided wave
modes in hollow cylinders [ZHU 02]. The most successful approach to date seems to
be the aforementioned dry-coupled piezoelectric transducer system which offers
unique beam forming and mode selection capabilities [ALL 97].
4.2. Ultrasonic guided wave monitoring of average wall thickness in pipes
This section describes the development of an online, real-time, multiple-path
ultrasonic guided wave CEM. The presented thickness assessment tool deploys a set
of transducers over a given pipe area of specific interest and utilizes a combination
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of resonance- and dispersion-based principles to assess the average wall thickness
loss between any given pair of those transducers. This instrument was developed
keeping the needs of the oil, gas and petrochemical industry in mind but, because it
essentially monitors gradual reductions in wall thickness, it can find further
applications in many other industries. Both analytical and experimental results will
be presented in order to illustrate the functionality of the CEM system.
It is not feasible to cover a crucial area susceptible to corrosion or erosion with a
sufficiently large number of individual ultrasonic transducers in order to map the
wall thickness loss via purely local measurements. Therefore, our system is designed
to produce real-time average wall thickness information over carefully selected
inspection paths between a number of (currently 2-8) permanently mounted sensors
separated by distances typically between 1 and 5 pipe diameters. Ultrasonic guided
waves are propagated between pairs of transducers working in pitch-catch mode of
operation. There is a multitude of different thickness and helical modes detected by
the receiver that all change their speeds significantly in the presence of relatively
large changes (10-20%) in the average wall thickness. In order to facilitate robust,
reliable gating of the relevant signal among them, we will rely on a specific mode of
approximately constant group velocity. In particular, we will use the direct arrival of
the fundamental flexural mode and will choose the inspection frequency so that its
group velocity is essentially constant throughout the wall thickness range of interest.
Therefore, our method will be referred to as the constant group velocity (CGV)
method. The phase velocity of this specific mode is highly dispersive in the vicinity
of the CGV frequency and changes in a systematic way with the wall thickness of
the pipe. By measuring the phase angle of this signal the average material thickness
over the inspection path can be determined.
4.2.1. Guided wave inspection with dispersive Lamb-type guided modes
Ultrasonic guided waves are well suited for long-range inspection of pipelines.
In relatively thin-walled pipes, the guided waves can be approximated as Lamb
modes propagating along helical paths that allow the same mode to arrive to the
receiver at different times [LI 06]. Figure 4.1 shows a schematic diagram of the
three lowest-order helical paths along and around a cylindrical pipe. The
propagation length of the nth-order helical path is:
An =

z 2 + (a + π n D)2 ,

(4.1)

where z and a are the axial and azimuthal distances between the transducers,
respectively, D is the average diameter of the pipe and n is the azimuthal order.
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Figure 4.1. A schematic view of the three lowest-order helical paths in a cylindrical pipe

Although higher-order helical modes are somewhat more affected by the
circumferential curvature of the pipe, in thin-walled pipes their velocity is still
almost the same as that of the zero-order mode that follows the most direct path
between the transmitter and the receiver. Therefore, all modes can be crudely
approximated by the corresponding Lamb mode in a flat plate. However, because of
the highly dispersive nature of these Lamb modes, fast modes following a helical
path can actually beat slower modes following a more direct route; therefore the
observed vibration at the location of the receiver is much more complicated than one
would assume based on direct Lamb wave propagation only. Because of this
complexity, the lagging part of the direct signal (n = 0) that interferes with the
earliest arrivals along longer helical paths must be disregarded when evaluating the
detected signal using the simplistic Lamb wave approximation.
The measured group time of arrival Tg and phase angle ϕ are proportional to
propagation distance z from the transmitter to the receiver:
Tg = z sg and ϕ = z sph .

(4.2)

Here, sg and sph are the average group and phase slownesses, respectively,
which can be calculated for each mode from the local group and phase slownesses as
follows:
sg ( f ) =

1z
1z
∫ sg ( z , f ) dz and sph ( f ) = ∫ sph ( z , f ) dz ,
z0
z0

(4.3)

where f denotes the inspection frequency and we assumed that the wall thickness
changes only gradually over distances that are many times larger than the wall
thickness itself, so that the guided modes do not scatter backward or forward into
other types of modes. As an example, Figures 4.2 and 4.3 show the phase and group
slowness dispersion curves for Lamb waves in a steel plate, respectively. Similar
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curves in other works are usually normalized to the shear slowness (ss = 1/cs) of the
material. However, in this particular case it is more instructive to normalize the
slowness to the low-frequency asymptotic slowness of the lowest-order symmetric
mode (spl = 1/cpl), which corresponds to the dilatational wave propagating in a thin
plate. This mode exhibits the fastest group velocity in the plate at low frequencies;
therefore it represents the earliest arrival, which can be easily identified even tough
the first arrival is usually far from the strongest of all. In these calculations the
longitudinal and shear bulk velocities were assumed to be cd = 5,900 m/s and
cs = 3,200 m/s, which correspond to a thin plate velocity of cpl = 5,377 m/s.
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Figure 4.2. Phase slowness dispersion curves for Lamb waves in a steel plate
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Figure 4.3. Group slowness dispersion curves for Lamb waves in a steel plate
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When an angle-beam wedge transducer is used, independent of the frequency,
the probe is selectively sensitive to a relatively narrow phase slowness range that is
determined by the sound velocity in the wedge and the angle of incidence. In that
case the allowed slownesses lie on a horizontal line across the phase slowness
diagram, i.e., sph ≈ constant. In contrast, periodic piezoelectric comb transducers or
EMATs are selectively sensitive to given wavelengths and therefore the allowed
phase slownesses lie on a hyperbola, i.e., sph ≈ constant/f. In the proposed inspection
system, longitudinal contact transducers are used and therefore no specific
sensitivity to a certain phase velocity is expected. However, constructive
interference over the entire aperture of the transducer requires that the probe
diameter Dp be equal or smaller than half the wavelength λ. If this condition is not
satisfied, the expected Lamb wave spectrum will be distorted by not only the finite
bandwidth of the transducer, but also by its finite aperture. In most practical cases,
the tube thickness and diameter are proportional to each other and the ratio between
the diameter of the applicable probe and the wall thickness d is also generally
constant. In Figure 4.2, the area below the black hyperbolic solid line represents
sufficiently low phase slownesses so that d = λpl/2. Although the Dp ≈ d ≤ λpl/2
condition is arguably too restrictive for probes of circular apertures, the fact remains
that in the region above this line the measured signal will be adversely influenced by
finite-aperture effects, especially since the phase slowness of the CGV flexural
mode, which we are most interested in, is actually more than twice that of the thin
plate dilatational mode which we used as a reference.
Figure 4.3 already showed the corresponding group slowness dispersion curves
for Lamb waves in a steel plate. The arrow indicates the CGV point around which
the fundamental asymmetric mode A0 generally exhibits constant group velocity at
≈ 60% relative to the first arriving fundamental dilatational plate mode S0. This lowfrequency flexural mode lends itself readily for long-range pitch-catch
measurements over a relatively wide frequency range since its group velocity is
essentially constant. Therefore, the pulse can be easily separated from the rest of the
signal by appropriate gating, while its phase velocity exhibits fairly strong
dispersion, which enables it to be used for thickness assessment. This approach is
somewhat less accurate than the often-used transverse resonance methods, but it
smoothly integrates the wall thickness over the whole inspection length, therefore it
is very robust and will be shown to be the best candidate for real-time erosion and
corrosion monitoring of the average wall thickness.
Accurately measuring the average value of the wall thickness:

d =

1z
∫ d ( z ) dz
z0

(4.4)
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over an extended propagation length clearly involves two contradictory
requirements. On the one hand, sensitive detection of wall thickness variations
require a mode that is sufficiently sensitive to such variations, i.e., either the phase
or the group slowness curve must be very steep. On the other hand, proper averaging
requires that in a given frequency range the slowness must be a generally linear
function of the local wall thickness. For example, let us assume that the phase
slowness of a particular mode is an approximately linear function of thickness at a
given frequency × thickness product. Then:
sph ( z ) ≈ s0 + S f [d ( z ) − d m ], where s0 = sph ( f d m )

(4.5)

and S is the slope of the phase slowness diagram at that particular point. In this case,
we can measure the average phase slowness using phase-sensitive detection:

sph ≈ s0 + S f (d − d m ) ,

(4.6)

which then can be inverted for the sought average wall thickness d .
Unfortunately, there are very few modes that can be used to assess the true
average of the varying wall thickness along the propagation path since most modes
exhibit a highly non-linear slowness curve. This is especially true for those modes
that are the most sensitive to wall thickness variation since the steepest parts of the
dispersion curves tend to be also the least linear over a substantial thickness range.
One notable exemption is the CGV flexural mode described earlier. Figure 4.4
shows the phase and group slowness dispersion curves for the fundamental flexural
mode at low frequencies. Typically, the measurement is made slightly below the
CGV point in order to reduce the amplitude of the faster S0 mode, which might
interfere with the detection of the flexural mode. In the vicinity of the measurement
point the slowness is a fairly linear but still sufficiently sensitive function of the
frequency × thickness product. This figure indicates that as much as 20-30% relative
change in wall thickness can be tolerated without seriously compromising the
obtained average thickness, a measurement range that is sufficient in most erosion
and corrosion monitoring applications.
4.2.2. Averaging in CGV inspection

Based on the previous section, the only mode which offers a reasonable chance
of success for quantitatively assessing the true average value of the wall thickness
using long-range guided wave measurements is the low-frequency flexural mode in
the CGV range, where the phase velocity of the mode exhibits a generally linear
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relationship with wall thickness. The crucial issue is whether the relationship
between the measured phase retardation and the changing average wall thickness is
robust enough to remain in effect for different types of gradual and abrupt
transitions in wall thickness. In order to further study this important issue, we
conducted a series of 2-D simulations using the commercially available finitedifference software Wave 2000Pro.
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Figure 4.4. Phase and group slowness dispersion curves for
the flexural mode in the vicinity of the CGV point

As an example, Figure 4.5 shows the simulated low-frequency transmitted
signals (S0 and A0 modes) in a steel plate whose thickness is 10 mm over 75% of the
400 mm inspection length and 9 mm over the remaining 25% so that the average
wall thickness is 9.75 mm. A single-cycle 100 kHz sinusoidal excitation was used in
the calculation. Before further processing, the flexural pulse in the raw data was
gated by a 46 µs-long Hanning window. The amplitude spectrum of this
fundamental flexural mode is shown in Figure 4.6 along with the corresponding
spectra for different uniform wall thicknesses and uneven thickness profiles. It is
very clear that for such slight variations of wall thickness over relatively long
distances, no significant scattering, and therefore change in the magnitude of the
transmitted spectrum, occurs.
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Figure 4.5. Simulated low-frequency transmitted signals in a steel plate whose thickness is
10 mm over 75% of the 400 mm inspection length and 9 mm over the remaining 25%
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Figure 4.6. Amplitude and phase spectra of the fundamental flexural mode for different
uniform wall thicknesses (solid lines) and uneven thickness profiles (symbols)

The fact that no significant scattering-induced attenuation occurs when the
fundamental flexural mode propagates through a plate with varying thickness by
itself is very promising for the feasibility of exploiting this mode for truly
integrating long-range wall thickness assessment. However, the crucial issue is
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whether the integrated phase delay can be used to characterize the average wall
thickness, within some reasonable limits, for arbitrarily varying thickness profiles.
As a first test, we studied the simple case of transmission through a steel plate whose
thickness abruptly dropped from 10 mm to 9 mm at different locations along the
inspection length, thereby resulting in different values of the average wall thickness.
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Figure 4.7. Amplitude and phase spectra of the fundamental flexural mode
for different uniform wall thicknesses and uneven thickness profiles

Figure 4.7 illustrates the phase angle spectra of the fundamental flexural mode
for different uniform wall thicknesses and uneven thickness profiles. For example,
“0% single-step” means that the transition is directly below the transmitter and
therefore the wall thickness is essentially uniform at 9 mm over the whole inspection
length. On the other hand, “100% single-step” means that the transition is directly
below the receiver; therefore the wall thickness is essentially uniform at 10 mm over
100% of the inspection length. Figure 4.7 illustrates the robustness of the CGV
inspection method. The phase over the center frequency band, roughly from 70 kHz
to 120 kHz, is flat (since the group velocity is constant), while the integrated phase
is proportional to the average thickness regardless of whether the wall thickness is
uniform or includes a 1 mm single-step. The relationship between the phase angle
and the wall thickness is slightly non-linear, but it is smoothly changing and
monotonic, therefore readily invertible.
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Figure 4.8 shows what happens when the change in wall thickness is caused by
1, 2, or 4 equal steps evenly distributed over the inspection length. In each case, the
step size was adjusted (1 mm, 0.5 mm, and 0.25 mm, respectively) so that the
average wall thickness remained constant at 9.5 mm. This result further illustrates
the robustness of the CGV inspection method since, regardless of the number of
steps, i.e., the actual shape of the transition, the measured integrated phase shift is
the same and essentially identical to that obtained for a 9.5 mm-thick uniform plate.
As a third example, Figure 4.9 shows the phase angle spectra of the fundamental
flexural mode for different uniform wall thicknesses and uneven thickness profiles
with a single triangular groove. The wall thickness was 10 mm except for a 200 mmwide triangular groove positioned in the middle of the inspection length. In this case,
the average wall thickness loss is 1/4 of the peak depth of the triangular groove. For
example a 4 mm-deep groove reduces the average wall thickness from the intact
value of 10 mm to 9 mm, while a 2 mm-deep grove of the same 200 mm total length
reduces the average wall thickness to 9.5 mm.
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Figure 4.8. Phase angle versus frequency for uniform thickness (solid lines)
and uneven thickness of the same 9.5 mm average thickness (symbols)
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Figure 4.9. Phase angle spectra of the fundamental flexural mode for different
uniform wall thicknesses (solid lines) and uneven thickness profiles
with a single triangular groove of varying depth (symbols)

Although a fairly good correlation can be observed between the actual average
thickness and the total phase shift of the transmitted signal, the limitations of the
technique are also visible. Whenever the change in the average wall thickness is due
to a much deeper, but highly localized change (e.g., a triangular groove), the
measured thickness will be slightly lower than the true average. Since the measured
thickness is distorted from the true average (9 mm in our example) toward the
minimum thickness (6 mm in our example), the estimate is conservative, i.e., for
highly uneven wall thicknesses predicts a lower than average value. Generally, the
measured value will be reasonably close to the average value only when the largest
wall thickness reduction is less than five times the average wall thickness reduction.
It should be mentioned that sharp localized wall thickness reductions cannot be
accurately assessed by the integrating phase measurement method, but could
possibly be characterized based on the overall reduction of the amplitude of the
transmitted signal, or possibly using reflection measurements in pulse-echo mode.
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4.2.3. The influence of gating, true phase angle

The phase angle ϕ of a relatively short, i.e., fairly broadband, signal can be
determined as a function of frequency over its effective bandwidth using the Fourier
transform as follows:
H (tw ; f ) ei ϕ(tw ; f ) =

tw + Tw / 2

∫

tw − Tw / 2

w(t − tw ) h(t ) e−i 2 π f (t − tw ) dt ,

(4.7)

where h(t) denotes the received pulse on an “absolute” time scale t started at the time
of excitation, w(t) is an appropriately chosen window function that assures smooth
transitions without significantly distorting the pulse to be analyzed and Tw is the
length of the gating window. The short-term complex Fourier spectrum H is not only
a function of frequency f, but also of the window position tw. Generally, the
frequency-dependent phase angle can be written as:
ϕ(tw ; f ) = 2π f [tw − sph ( fd ) z ] + ϕs ( f ) ,

(4.8)

where sph is the phase slowness of the guided wave, z is the propagation length and
ϕs is the intrinsic phase delay of the measurement system (pulser, receiver,
transducers, etc.), which is generally a function of frequency, but does not depend
on the propagation length z or the thickness of the specimen d. In order to avoid the
uncertainty caused by the dependence of the phase angle on the position of the
window, it is advantageous to define a so-called “true” phase angle Φ by
approximating the frequency-dependent phase angle in the vicinity of the center
frequency f0 of the pulse with a linear function:
ϕ(tw ; f ) ≈ Φ 0 + Φ1 ( f − f 0 )

(4.9)

and then extrapolating this linear regression to zero frequency so that we get:
Φ = Φ 0 − Φ1 f0 ,

(4.10)

which, in the case of a uniform rectangular window function, is independent of the
gate position as long as the gating does not cut into the signal [PIL 64].
In practice, windowing is necessary to provide a smooth transition of signals that
are not completely separated from their surroundings. Windowing, not only
effectively reduces the length of the gate, but also distorts the pulse when it moves
either forward or backward in relation to the center of the gate. Therefore,
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windowing must be used with great care and additional steps must be taken to assure
that the “center” (e.g., half-energy point) of the pulse is as close as possible to the
center of the window. As an example, let us consider guided wave propagation in a
10 mm-thick steel plate over a 400 mm inspection length. The simulated
fundamental flexural pulse is gated from the rest of the signal with a Tw = 45 µslong window centered around tw = 134.6 µs, which is weighted with a four-term
Blackman-Harris window function.
Figure 4.10 shows some examples of the phase angle spectra of the windowed
fundamental flexural pulse for five different gate positions. The main advantage of
this type of windowing is that the phase spectra are quite linear over a wide
frequency range. However, due to the narrow effective width of the window
function, the distortion of the true phase angle is very substantial, about 50º for less
than 3 µs shift of the gate. Less distortion of 37º and 35º can be achieved using
Hanning or cosine windows, respectively, which exhibit somewhat larger effective
width. Figure 4.11 shows the corresponding phase spectra for the same five gate
positions using a uniform rectangular window. Although the phase spectra are less
linear, the true phase angle calculated from the local linear regression at the center
frequency changes only about 2º.
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Figure 4.10. Phase spectra of the fundamental flexural signal shown in Figure 4.5
for five different gate positions (four-term Blackman-Harris window)
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Figure 4.11. Phase spectra of the fundamental flexural signal shown in Figure 4.5
for five different gate positions (rectangular window)

Figure 4.12 shows a summary of the true phase angle versus gate position for all
four window functions. In the case of a single arrival, gating is really not necessary;
therefore windowing offers only disadvantages without any benefit. Under such
conditions, a rectangular window would be ideal, since it does not affect the true
phase angle at all. It should be mentioned that the only reason why the true phase
angle slightly changes in the above example, even in the case of a rectangular
window, is that the length of the gate was very close to the total length of the pulse
and therefore some truncation occurred. Figure 4.12 also shows the “narrow
window” limit, which corresponds to a simple absolute phase angle measurement
without the benefits of the true phase angle. In the case of the four-term BlackmanHarris window, the sensitivity of the true phase angle to gate position is as much as
50% of the sensitivity of a simple absolute phase angle measurement, which is also
evident in Figure 4.12. Although this adverse effect of windowing can be
significantly reduced by increasing the overall length of the gate, it is important to
choose a type of window function that assures the stability of the true phase angle
against variations in time of arrival rather than based on the overall linearity of the
phase spectrum.
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Figure 4.12. True phase angle versus gate position for all four window
functions and the narrow window limit (absolute phase angle)

In actual erosion/corrosion monitoring applications, the time of arrival of the
transmitted signal might slightly change during inspection, while the gate position is
either fixed or automatically adjusted by the computer controlling the measurement.
Since the propagation distance is constant, the time of arrival changes only when the
group velocity changes. One reason for this could be the changing temperature. In
addition, if the inspection frequency is chosen below the CGV point in order to limit
the interference from the fast dilatational guided mode, the group velocity also
decreases a little as the wall thickness decreases. This adverse effect can be
mitigated by not letting the frequency × thickness product drop below 0.9 MHz mm,
for example by increasing the inspection frequency as the wall thickness decreases.
4.2.4. Temperature influence on CGV guided wave inspection

It is well known that temperature variations can lead to significant velocity
variations in steel. Therefore a brief study was conducted in order to verify that this
effect is not going to significantly affect the measured true phase. In this part of the
study the usually substantial thermal drift of the transducer’s phase shift is
neglected. Because temperature variations affect the sound velocity much more than
the geometrical dimensions (thermal expansion), changing temperature does not lead
to significant changes in dispersion. The absolute phase of the signal measured at the
center frequency might be strongly affected, but the true phase angle itself is
essentially independent of temperature unless the width of the fixed window is
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comparable to the shift of the group time of arrival of the signal caused by the
temperature variation so that some truncation of the signal occurs.
In most steel pipes the slope of the temperature coefficient of the sound velocity
is ≈ –0.023%/°C. For a typical inspection length of z = 400 mm, the propagation
time of the flexural pulse is around 130 µs; therefore a 100°C increase in
temperature causes ≈ 3 µs additional delay in the time of arrival, which is equivalent
to about 30% reduction in wall thickness. However, as illustrated in Figure 4.13, this
shift occurs without any perceivable change in the dispersive behavior, therefore the
true phase angle is much less affected unless the shifting signal is distorted by a
narrow window of fixed position.
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Figure 4.13. Flexural mode arrivals over a 400 mm-long inspection distance on
a 10 mm-thick steel plate at different temperatures (two-cycle 100 kHz tone burst)

The intensity of the true phase angle to temperature drifts is demonstrated in
Figure 4.14 showing the true phase angle calculated with both fixed and automatic
window positioning on a 10 mm-thick steel plate at different temperatures using a
two-cycle 100 kHz tone-burst excitation. Unfortunately, when the pulse length is
comparable to the effective window length, which could be less than 50% of the
total length of the gate, the robustness of the true phase angle measurement with
fixed gate positioning is seriously compromised. Clearly, automatic window
positioning offers much better overall stability and increases the robustness of the
CGV guided wave inspection method based on true phase angle measurement.

134

Advanced Ultrasonic Methods for Material and Structure Inspection

Change of the True Phase Angle [deg].

10
0
-10
-20
-30
-40
automatic 4-term B-H window

-50

fixed 4-term BH window

-60
20

40

60
80
Temperature [ºC]

100

120

Figure 4.14. True phase angle calculated with both fixed and automatic gate positioning at
different temperatures (10 mm-thick steel plate, 400 mm-long inspection distance, two-cycle
100 kHz tone burst excitation, 45 µs long four-term Blackman-Harris window)

4.2.5. Inversion of the average wall thickness in CGV guided wave inspection

The measured true phase angle Φ is a non-linear but monotonic function of the
sought average wall thickness d :
Φ = −

2π f z
F ( fd / cpl ) .
cpl

(4.11)

Here, F is a function of Poisson’s ratio only, which is essentially constant for a
given type of material:
F (ξ) = ( sph (ξ) − sg (ξ))c pl ,

(4.12)

where ξ = fd / c pl . F(ξ) can be easily determined numerically from the well
known exact dispersion equation of a plate or thick-wall cylinder. For approximate
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wall thickness assessment, either the F = F(ξ) function itself or, even better, its
inverse function ξ = ξ(F) can be approximated by simple polynomial regression as
follows:
ξ ≈ a0 + a1 / F + a2 / F 2 ,

(4.13)

where the a0, a1, and a2 constants are readily calculated from the relevant dispersion
equation if the longitudinal and shear sound velocities are known. The efficiency of
this simple non-linear inversion procedure will be illustrated through a simple
example. Let us consider monitoring the decreasing thickness of a steel plate. The
transducers are separated by z = 400 mm and the excitation signal is a two-cycle
tone burst of f = 100 kHz frequency. Even at the beginning of this simulated
experiment, when the wall thickness is at its maximum of d = 10 mm, the frequency
× thickness product is fd = 1 MHz mm, i.e., already slightly below the CGV point at
≈ 1.4 MHz mm to reduce the interference from the otherwise rather strong
fundamental symmetric plate mode.
Figure 4.15 shows the relationship between the actual wall thickness and the
measured wall thickness which was calculated from the true phase angle using
equations (4.11) and (4.13). Automatic optimization of the window position can be
achieved by adjusting tw so that Φ1 in equation (4.9) is as close to zero as possible.
As expected, automatic window positioning offers a significantly better overall
agreement between the measured and actual wall thicknesses than the simpler fixed
window approach because it minimizes truncation of the signal. Between 5 and
10 mm, the standard deviation between the actual and estimated thicknesses was
better than 0.1 mm with automatic window positioning versus 0.3 mm for the fixed
window position. The increased discrepancy is due to the large, almost 10%, relative
error that occurs at small wall thicknesses because the slower flexural pulse
essentially moved out from the fixed window. The fact that the CGV guided wave
inspection technique provides a reasonably good estimate of the average wall
thickness, even when most of the flexural pulse moves beyond the fixed window,
testifies to its excellent robustness. Automatic window positioning further enhances
this robustness by following the signal as its group delay increases due to the
significantly decreasing group velocity at large thickness reductions.
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Figure 4.15. Relationship between the actual wall thickness and the measured
wall thickness as calculated from equations (4.11) and (4.13)

4.2.6. Additional miscellaneous effects in CGV guided wave inspection

Numerous additional miscellaneous effects can exert secondary, but still
perceivable, influence on the operation of ultrasonic CGV guided wave monitoring
of erosion/corrosion loss of wall thickness in piping. In this section, we briefly
summarize the effects of fluid loading, surface roughness, and pipe curvature.
4.2.6.1. Fluid loading effects on CGV inspection
Fluid loading inside the pipe affects both the velocity and attenuation of the
fundamental flexural guided mode used in CGV inspection. Figure 4.16 shows the
simulated low-frequency transmitted signals in a 10 mm-thick steel plate over a
400 mm inspection length with and without fluid loading on one side. The leading
symmetric mode (S0) produces mainly tangential surface vibration and therefore it is
essentially unaffected by the viscosity-free fluid. On the other hand, the slower
flexural mode (A0), which produces mainly normal surface vibration, is strongly
attenuated by leakage into the fluid, though its velocity remains essentially the same.
The loss in amplitude is about 10 dB, which is, although far from negligible, quite
acceptable in practice assuming that proper measures are taken to assure the roughly
20 dB signal-to-noise ratio needed for sufficiently accurate phase angle
measurements.
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Figure 4.16. Simulated low-frequency transmitted signals in a 10 mm-thick steel plate
over a 400 mm inspection length with and without fluid loading on one side

Figure 4.17 shows the ratios of the phase and group velocities in the fluid-loaded
10 mm-thick steel plate to the corresponding velocities in the free plate. Due to
water loading on one side of the plate, there is a small increase in the phase velocity
and a somewhat stronger, but still negligible, decrease in group velocity. Above
fd = 0.7 MHz mm (half of the CGV point), the increase in the phase velocity is only
about 0.02% and is essentially independent of frequency, and therefore of wall
thickness as well. These velocities were calculated from the real part of the complex
roots of the dispersion equation, i.e., from the real part of the complex wave number.
The corresponding attenuation coefficient can be easily calculated from the
imaginary part of the same complex wave number.
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Figure 4.17. The ratio of the phase and group velocities in a fluid-loaded
10 mm-thick steel plate compared to the corresponding velocities in the free plate

Figure 4.18 shows the calculated attenuation coefficient (solid line) of the
fundamental flexural mode in a 10 mm-thick steel plate due to water loading on one
side. The calculated attenuation coefficient is ≈ 0.26 dB/cm at 100 kHz. In
comparison, the previously shown broadband numerical simulation (see Figure 4.16)
yields ≈ 11 dB loss over 400 mm for the effective bandwidth of the signal, which is
equivalent to an attenuation coefficient of ≈ 0.27 dB/cm.
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Figure 4.18. Analytically calculated and numerically simulated attenuation coefficients of the
fundamental flexural mode in a 10 mm-thick steel plate due to water loading on one side

Corrosion and Erosion Monitoring of Pipes

139

Of course, the fluid loading-induced attenuation strongly depends on the wall
thickness of the pipe as well as on the physical properties of the fluid, especially on
its density and, to a lesser degree, on its viscosity. Detailed description of these
effects cannot fit into the scope of this chapter, but it should be pointed out that,
overall, the phase velocity of the flexural mode is rather insensitive to fluid loading.
Therefore, the accuracy of the wall thickness assessment, which is based on the true
phase of the flexural transmitted signal, is only marginally affected. We also found
that adhesive coating on the outside of the pipe exerts only a negligible effect on the
propagation of the fundamental flexural mode. Even gross variations in coating
thickness, including complete removal of the coating, will cause only less than 1%
error in the wall thickness estimate; therefore variations in the coating thickness and
epoxy properties can be neglected during CGV guided wave corrosion/erosion
monitoring of pipes.
4.2.6.2. Surface roughness effects on CGV inspection
In the context of this chapter, characterization of corrosion/erosion effects is
based on quantitative assessment of the overall material loss, i.e., the average wall
thickness reduction in a pipe. However, corrosion and erosion not only cause
material loss, but also change the surface topography. Therefore, we investigated the
adverse effect of surface roughness on the inspectability of pipes via the ultrasonic
CGV guided wave technique. Surface roughness reduces the available signal-tonoise ratio partly by attenuating the spatially coherent transmission and partly by
introducing a spatially incoherent scattering noise. The latter effect is particularly
dangerous because this spatially incoherent, but temporally coherent, noise cannot
be eliminated by time-averaging and therefore and it will necessarily reduce the
accuracy of thickness measurements based on the true phase angle of the detected
guided wave.
The only analytical solution available in scientific works for the surface
roughness-induced attenuation and dispersion of guided waves in plates is based on
the so-called phase-screen approximation [CHI 98], which cannot be adapted to the
CGV inspection method. In the absence of reliable analytical methods, the adverse
effect of surface roughness on CGV guided wave propagation was studied by
numerical simulation techniques. For simplicity, the model used in this investigation
assumed that the roughness was limited to one side of the plate only (corresponding
to the inside of the pipe). Randomly rough surfaces can be characterized by their
root mean square (rms) roughness h, correlation length a, and the type of their
autocorrelation function. In the present investigation, we assume that rough surfaces
produced by corrosion and erosion exhibit a Gaussian autocorrelation function,
which lends itself quite easily for numerical simulations.
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Figure 4.19. Simulated wave forms of the fundamental guided modes in steel plates
roughened on one side (10 runs, d = 10 mm, z = 400 mm, h = 1 mm, a = 20 mm)

As an example, Figure 4.19 shows the simulated guided wave forms of the
fundamental guided modes in a d = 10 mm thick plate with h = 1 mm rms surface
roughness and a = 20 mm autocorrelation length (roughened on one side only). Due
to the intrinsically stochastic nature of the random surface roughness, results were
obtained for ten different realizations of the random surface topography. The
observed differences in the guided wave signals are fairly limited, though the
distortion of the leading dilatational pulse is relatively stronger than that of the
flexural mode. The amplitude variation of the flexural mode is within ± 2 dB over
the frequency range from 30 kHz to 150 kHz and therefore it does not influence
significantly the operation of the CGV method. The surface roughness-induced true
phase angle variation of the fundamental flexural pulse is shown in Figure 4.20 for
the ten different representation of the random roughness. The true phase angle
variation due to surface roughness is ≈ 15º, which corresponds to ≈ 1% variation in
wall thickness (this baseline uncertainty is indicated by the error bars). It should be
mentioned that, in the case of random roughness with Gaussian autocorrelation
function, the peak-to-peak surface roughness is roughly five times larger than the
rms roughness. Therefore, at h/d = 0.1 the ratio between the maximum and
minimum wall thicknesses is as high as ≈ 1.7.
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Figure 4.20. True phase angle of the fundamental flexural mode in steel plates
roughened on one side (10 runs, d = 10 mm, z = 400 mm, h = 1 mm, a = 20 mm)

These simulations indicate that even in the case of rather rough surfaces the
average wall thickness can be determined with sufficient accuracy by the CGV
guided wave inspection method. The relative insensitivity of the CGV inspection
method to surface roughness is due to its intrinsically good averaging property,
which was the original reason why this robust method was selected over potentially
more sensitive guided modes in the first place. It should be mentioned that other
modes, including the fundamental dilatational mode as well as higher-order guided
modes, are much more affected by surface roughness and therefore could not be
exploited for wall thickness monitoring in significantly rough pipelines.
4.2.6.3. Pipe curvature effects on CGV inspection
Up to this point we assumed that in relatively thin-walled pipes ultrasonic guided
waves can be approximated as Lamb modes propagating along helical paths. In this
section we will illustrate that the effect of pipe curvature is quite negligible on the
CGV guided wave inspection method. We will assume that the direct transmission
(n = 0) between the transmitter and receiver is separated from the rest of the signal
by appropriate gating. It should be mentioned that such separation is usually
possible only when the inspection distance z is not much longer than the
circumference of the pipe, or in terms of the pipe diameter z ≤ 3D, so that the first
helical path is about 40% longer than the direct one. Two types of pipe curvature
should be considered here, namely (i) intrinsic cylindrical (circumferential or
azimuthal) and (ii) the additional bending (length-wise or axial) curvatures. The
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cylindrical curvature will be characterized by the wall-thickness-to-average-pipediameter ratio, d/D. The bending curvature will be characterized by the ratio
between the average wall thickness and the radius of curvature of the bend, d/R.
The effect of the intrinsic cylindrical curvature of pipes can be most easily
studied by analytical means via the dispersion of guided modes in a cylindrical tube.
In contrast with guided waves in a flat plate, which are called Lamb waves and can
be characterized by a single through-thickness order, guided modes in a pipe can be
characterized by two separate mode orders, namely a through-thickness order that
will be denoted by k and an azimuthal order that will be denoted by m. For brevity,
the analytical results presented in this section will be limited the fundamental
through-thickness modes (k = 0). We will focus on the fundamental flexural mode,
which is the mode the CGV inspection method is based on. It should be emphasized
that the thickness and azimuthal orders (k and m, respectively) are categories
applicable to the spatial distribution of the guided wave as they are based on the
assumption of infinitely long continuous harmonic excitation. In comparison, the
term helical order (n) relates to the temporal distribution of the guided wave as it is
based on the assumption of a short pulse or tone-burst excitation.
The phase and group velocity or slowness dispersion curves for the fundamental
flexural mode in a steel pipe can be easily calculated for different wall-thickness-toaverage-diameter ratios [ROS 99, PAV 01]. The phase velocity slightly increases
with increasing curvature because of the higher flexural stiffness exhibited by a
curved plate relative to that of a flat plate of identical thickness while the group
velocity slightly decreases. The only direct effect of the azimuthal curvature on the
CGV inspection method is the lower sensitivity of the fundamental flexural mode to
wall thickness variations due to the somewhat reduced slope of the dispersion curve.
Figure 4.21 shows how the phase and group velocities change with the d/D ratio for
the fundamental flexural mode in a steel pipe at fd = 1 MHz mm. The curvature of
the pipe reduces the difference between the phase and group velocities (or
slownesses), which is directly related to the sensitivity of the CGV method. Figure
4.22 shows how the normalized sensitivity changes with wall-thickness-to-pipediameter ratio (d/D) for the case shown in Figure 4.21. The absolute sensitivity of
the CGV guided wave inspection technique was previously estimated based on a
crude flat plate model. These results indicate that for typical ratios around d/D = 0.2
the sensitivity is reduced by ≈ 25%. Unless corrected for pipe curvature, the
previously described simplified inversion procedure could cause a perceivable
underestimation of the actual wall thickness loss.

Velocity [mm/µs]
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(d/D) for the fundamental flexural mode in a steel pipe at fd = 1 MHz mm
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Figure 4.22. Normalized sensitivity of the true phase angle versus wall-thickness-to-averagepipe diameter ratio (d/D) for the fundamental flexural mode in a steel pipe at fd=1 MHz mm

It should be also mentioned that the azimuthal curvature of the pipe also has a
more subtle indirect effect on the accuracy of the measured wall thickness. Let us
consider a pipe with initial inside and outside diameters of Di = 80 mm and
Do = 120 mm, so that d/D = 0.2. After 50% loss of wall thickness the inside
diameter has increased to Di = 100 mm while the outside diameter remained the
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same. Therefore the thickness-to-diameter ratio dropped to d/D ≈ 0.09, i.e., less than
half of its initial value. In order to evaluate the measured true phase angle Φ in terms
of the changing wall thickness d, this additional effect of diminishing pipe curvature
should be also accounted for. Such a correction cannot be written in a simple
explicit analytical form, but it can be readily calculated numerically using the wellknown exact numerical solution for pipes of arbitrary wall thickness.
To investigate the influence of bending curvature, we simulated guided wave
propagation between two transducers mounted on a 10 mm-thick plate separated by
300 mm. The plate was bent in a 90° corner around different bending radii between
R = 10 and 100 mm, and a single-cycle 100 kHz harmonic driving signal was used.
No significant distortion of the transmitted fundamental flexural pulse was observed
for R/d ≥ 2. The main effect of the bending curvature is a slight reduction in the
amplitude of the transmitted signal, without substantial change in its phase.
Generally, the frequency dependence of the transmission loss is very weak and the
overall loss is only a few dB even for corners of very high curvature; therefore this
aspect of the axial bending can be safely neglected.
Figure 4.23 shows the variation of the true phase angle of the transmitted signals for
changing R/d ratio. The error bars represent ± 15º variation or ≈ 1% error in wall
thickness measurement. The solid line indicates the true phase angle for a flat plate while
the symbols represent the predictions for a guided wave propagating through a 90°
corner of different R/d ratios. The overall effect of bending curvature is quite negligible
unless the R/d ratio is less than two, which is very rare in practice and therefore bending
is not expected to exert a significant effect on CGV guided wave inspection.
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Figure 4.23. Variation of the true phase angle of the transmitted
fundamental flexural signal with changing R/d ratio
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4.3. Experimental validation

The previously described CGV guided wave CEM method was extensively
validated both in the laboratory of ClampOn AS and in field installations. The
results of these tests will be briefly described in the following two sections. Because
of space limitations, only typical examples of the different tests will be provided.
4.3.1. Laboratory tests

First, a laboratory test was conducted on a d ≈ 10.6 mm-thick, 1,000 mm × 1,000
mm steel plate with two transducers placed along the central line of symmetry. The
dimensions of the plate were chosen so that for the given transducer separation, the
echoes obtained from the edges would not interfere with the directly propagating
signal of interest. A pair of high-frequency broadband transducers of 1 MHz center
frequency was mounted on the steel plate using epoxy adhesive. The transmitter was
driven with a single-cycle sine wave, at carrier frequencies varying from f = 90 kHz
to 120 kHz, and the guided wave was recorded by the receiving transducer z = 400
mm away. Based on an initial estimate of the wall thickness, these inspection
frequencies correspond to fd ≈ 0.95-1.27 MHz mm, i.e., slightly below the CGV
point. As we showed earlier, in this frequency range the group velocity of the A0
mode is essentially constant and its phase velocity shows a generally linear variation
with frequency. From the received waveforms, the true phase angle was calculated
using the previously described procedure. Only the central part of the spectrum was
used that was within –3 dB of the spectral peak.
Figure 4.24 shows an example of the received waveform at 100 kHz driving
frequency. The figure clearly shows the S0 and A0 modes at their expected times of
arrival centered around 75 µs and 125 µs, respectively. The flexural mode was gated
and then analyzed in order to determine the true phase angle at the center frequency.
In order to simulate local thickness loss on the plate, a power grinder was used to
remove material between the sensor locations. The aim was to reach an average
thickness reduction of ≈ 10% by the end of the four-day experiment, which of course
corresponds to a much larger local loss of thickness at the point of grinding. CGV
guided mode measurements were made after each run with the grinder, thus
effectively tracking each small thickness change from the initial thickness.
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Figure 4.24. Example of the received waveform showing the fundamental symmetric and
asymmetric modes on a 10.6 mm-thick steel plate (the flexural mode is gated)

Since the CEM system will be used in situations where the damage occupies
around 20% or more of the coverage area, the accelerated removal process tried to
simulate those conditions. Accordingly, the damage was created not only by
removing material in the thickness and length directions, but also in the breadth
direction. Since the amount of material removed in each run could not be accurately
controlled, the average thickness after grinding was calculated at the end of the test
on each day based on the initial and final average thicknesses assuming equal
reduction in each step. While this approximation introduces a degree of error into
the average thickness estimate, the main objective here was to validate that the
relationship between the decreasing average thickness and the measured true phase
angle was monotonic and approximately linear as predicted by theory. The average
thickness was calculated by performing a 2-D average, i.e., by taking into account
the lateral spread of the damage in the plane of the plate. The lateral extension of the
damage was large enough so that it occupied a substantial portion of the coverage
area, which in this case was simply defined as the area extended by the 25.4 mmdiameter sensors separated by 400 mm.
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Figure 4.25. Variation of the true phase angle versus the estimated wall thickness
throughout the four days of gradual grinding for an initially 10.65 mm-thick steel plate

Figure 4.25 shows the combined results taken over the entire four days of the
experiment. The true phase angle was extracted from the received signal after each
run. In good agreement with our earlier theoretical predictions, the average slope of
the measured results is ≈ 140º/mm at all four frequencies, however the overall trend
is not exactly linear as a distinct curvature is evident in the data (the solid lines are
best fitting quadratic regressions). The variation of true phase angle with wall
thickness is expected to show this sort of non-linearity after a sufficiently large
reduction in average thickness and could be easily accounted for in the inversion
procedure whenever necessary. Based on these results, for an average wall thickness
loss of ≈ 10%, the change in true phase angle is easily measurable and provides a
sufficiently sensitive and reliable indication of the average wall thickness loss.
Under the assumption that each successive grinding produced roughly the same
reduction in average wall thickness, the true phase angle is sensitive to changes on
the order of less than 0.5% of the nominal wall thickness, at least in this ideal
experimental set-up on a smooth plate, without spurious reflections and higher-order
modes, and no curvature or fluid loading effects. It should be mentioned that since
the end application for the CEM allows the use of permanently mounted transducers,
this greatly increases the feasibility of the CGV method, as otherwise the inevitable
phase angle variations caused by minute displacements of the sensors could mask
the small change in phase angle caused by variations in thickness.
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Figure 4.26 shows the change of the average wall thickness obtained by inverting
the true phase angle of the CGV measurement at four different frequencies
throughout the four-day experiment. For comparison purposes, the estimated
average wall thickness is also shown. The estimated value was calculated from
ultrasonic spot measurements on the final wall thickness profile and assuming
uniform thickness reduction in each grinding step. The estimated and measured
thickness histories stay within a few percent of each other throughout the whole
experiment, which validates the CGV guided wave inspection method.
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Figure 4.26. Wall thickness variation obtained by inverting the true phase angle of the CGV
measurement and the estimated actual thickness throughout the four-day experiment

Numerous additional validation tests were conducted under various conditions.
In another series of experiments, a numerically controlled milling machine was used
to produce better characterized thickness loss in plates. Figure 4.27 shows typical
regular milled surface topologies used in this part of the study. They include large
flat areas of reduced thickness with both sharp and tapered edges, a long but narrow
notch that can be oriented either parallel or normal to the inspection direction and a
random cluster of cylindrical holes that realistically represents pitting corrosion.
CGV guided wave measurements were conducted at the end of each milling run and
their results were displayed in real-time as well as recorded for further processing.
As an example, Figure 4.28 shows the wall thickness variation obtained by inverting
the true phase angle of the CGV measurement and the estimated actual thickness on
a milled steel plate. In this case a fairly large 125 mm × 125 mm square area (upper
left image in Figure 4.27) was gradually thinned in steps of 0.5 mm. Since the

Corrosion and Erosion Monitoring of Pipes

149

transducers were separated by 250 mm, the so-called unevenness factor, i.e., the
ratio between the maximum and average wall thickness losses, was relatively
modest at ≈ 1.7. The agreement between the average thickness loss measured by the
CGV guided wave technique and the actual loss estimated from the dimensions of
the milled defect is very good up to about 10% thickness loss, where the two results
start to deviate due to the increasing dispersion of the fundamental flexural mode.
This type of systematic error can be reduced by gradually increasing the inspection
frequency to keep the frequency × average thickness product essentially constant.

Figure 4.27. Regular milled surface topologies (large areas with sharp and tapered edges,
a narrow but deep notch, a cluster of cylindrical pits) used to simulate
different corrosion and erosion profiles on a steel plate
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Figure 4.28. Wall thickness variation obtained by inverting the true phase angle
of the CGV measurement and the estimated actual thickness of a milled steel
plate with a large uniform defect (upper left image in Figure 4.27)

An additional problem arises when the loss of wall thickness is highly uneven. In
those cases there is an inherent overestimation of the average wall thickness loss
towards the maximum loss due to the modest, but perceivable, non-linearity of the
slowness dispersion curve over a wide frequency × thickness range. Experiments
conducted on machined defects with larger unevenness factor of 3-30 indicated that
the agreement between the measured and estimated wall thickness losses remains
very reasonable thanks to the fact that in those cases the average thickness loss is
inherently small, typically less than 3-5%. To illustrate this point, Figure 4.29 shows
the wall thickness variation obtained by inverting the true phase angle of the CGV
measurement along with the estimated actual thickness on a steel plate having an
increasing number of 3 mm-deep and 3 mm diameter flat-bottom cylindrical holes
(bottom right picture in Figure 4.27). The error bars represent the estimated ±1%
relative intrinsic error of the CGV method. Because of the much higher level of
thickness loss, the same ±1% relative wall thickness uncertainty was negligible in
the previous case (see Figure 4.28). Like before, the transducers were separated by
400 mm. At the end of the experiment, the total number of holes and the estimated
maximum average wall thickness loss were 28 and ≈ 1.4%, respectively. Based on
the 3 mm depth of the holes in the 10 mm-thick plate, the maximum loss was 30%,
i.e., in this experiment the unevenness factor was higher than 20. Considering the
extreme unevenness produced by these artificial “pits”, the agreement between the
measured and estimated average thicknesses is quite satisfactory. Needless to say
that this outstanding robustness of the inspection method is due more to the intrinsic
averaging nature of ultrasonic waves when the defects are much smaller than the

Corrosion and Erosion Monitoring of Pipes

151

wavelength rather than to the previously discussed macroscopic averaging property
of the fundamental flexural mode in the vicinity of the CGV point.
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Figure 4.29. Wall thickness variation obtained by inverting the true phase angle of the CGV
measurement and the estimated actual thickness on a steel plate having an increasing
number of cylindrical holes (bottom right picture in Figure 4.27)

4.3.2. Field tests

The prototype of the CGV CEM made by ClampOn AS was tested at the Kårstø
refinery plant in Norway from April to August 2005. Figure 4.30 shows a schematic
diagram of the geometrical configuration used in this field test. Six transducers were
mounted on a 270 mm diameter, 10 mm-thick pipe in two rings strategically located
at two circumferential welds that were about 12 mm thick because of the added
overlay. The separation between the two rings was ≈ 1 m and in each ring three
transducers were mounted at roughly equal distance from each other. Ultrasonic
guided wave measurements were conducted along 9 different inspection paths as
shown in Figure 4.30 on 15 occasions spanning a 136-day period.
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Figure 4.30. A schematic diagram of the geometrical configuration of the six-transducer
CEM installation used in the field test at the Kårstø treating plant

Figure 4.31 shows the combined results of these measurements. Only results for
nine inspection paths are plotted from the 15 possible combinations that can be
selected for six permanently mounted transducers. The instantaneous corrosion rate
varied from week to week between 0 and 2.5 mm/year, while the average rate over
the whole test period was between 0.6 and 1.2 mm/year. As for the spatial
distribution of the corrosion, the average rate was much higher at the two welds
(≈ 0.91 mm/year) than in the pipe itself (≈ 0.45 mm/year). In addition, the rate was
significantly higher along inspection paths that passed through the bottom half
(empty symbols) of the structure than those on the top half (solid symbols). For
example, on the pipe itself the rate was ≈ 0.59 mm/year at the bottom versus only
≈ 0.38 mm/year at the top. Although the average rate was somewhat higher on weld
#2 than on weld #1, the spatial distribution of the corrosion in the two welds was
very similar. Finally, it should be pointed out that the results obtained by the CGV
guided wave method corresponded very well with independent results obtained by
other methods.
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Figure 4.31. Combined results of the field test at the Kårstø treating plant. Only nine
inspection paths are plotted from the fifteen possible combinations that can be
selected for six permanently mounted transducers

4.4. Conclusion

Non-invasive assessment of wall thickness reduction caused by corrosion and/or
erosion in pipelines, pressure vessels, and other fracture-critical components plays
an important role in health monitoring of the petrochemical infrastructure. In this
chapter we discussed the feasibility of corrosion/erosion monitoring by means of
ultrasonic guided wave inspection. The described approach can measure the average
wall thickness over fairly large distances between a couple of strategically located
ultrasonic transducers that are permanently mounted on critical structural
components.
From the multitude of different guided modes that can be generated in both
plates and pipes, we selected the direct arrival of the fundamental flexural mode
because of its unique ability to measure the average wall thickness over the whole
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inspection path. We chose the inspection frequency so that the group velocity of the
fundamental flexural mode is essentially constant throughout the wall thickness
range of interest and called this mode of operation the CGV method. Based on an
initial estimate of the wall thickness, the inspection frequency is chosen so that the
frequency × thickness product is at or slightly below the CGV point, which is at
≈ 1.4 MHz mm for most types of steel. The phase velocity of the fundamental
flexural mode is highly dispersive in the vicinity of the CGV mode and changes in a
systematic way with varying wall thickness of the pipe. By measuring the phase
angle of this signal, the average material thickness over the inspection path can be
determined. Although this approach is somewhat less accurate than the commonly
used transverse resonance methods, it smoothly integrates the wall thickness over
the whole propagation length; therefore it is very robust and can tolerate large and
highly uneven thickness variations from point to point.
The presented results showed that the CGV method is capable of monitoring the
true average of the wall thickness over the inspection length with an accuracy of 1%
even in the presence of one order of magnitude larger local variations. The signal
processing technique used in our CEM was specifically designed to eliminate
spurious variations caused by changing temperature and fluid loading, which can
cause fairly large velocity variations, but do not significantly influence the
dispersion itself. We based our inversion procedure on the so-called true phase angle
of the received pulse, which is a measure of the difference between the phase and
group slownesses. This approach was shown to be very robust but still sufficiently
sensitive for the application at hand. The method also exploits the fact that for
erosion and corrosion monitoring purposes the measuring time could be almost
arbitrarily long (minutes or even hours versus seconds). This means that extensive
time averaging could be applied to recover weak signals from the surrounding
electrical, and possibly mechanical and acoustical, noise. This immunity to noise
and the use of permanently mounted transducers enable us to measure the true phase
angle of the fundamental flexural guided mode with better than ± 10° accuracy,
which translates into a relative wall thickness uncertainty of better than ± 1%.
The CGV guided wave CEM method was validated in both laboratory and field
tests. These experiments fully verified the theoretical predictions and design
decisions made earlier based on our analytical investigation and extensive numerical
simulations of the CGV method. This technique is currently undergoing a series of
additional laboratory tests and extended trial runs in field installations under
extremely demanding hostile environmental conditions that corrosion and erosion
monitors have to withstand for long periods of time without, or with very little,
maintenance in order to be truly successful.
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Chapter 5

Modeling of the Ultrasonic Field of Two
Transducers Immersed in a Homogenous Fluid
Using the Distributed Point Source Method

5.1. Introduction
In ultrasonic non-destructive evaluation (NDE), ultrasonic waves are used to
detect defects, material imperfections as well as for measuring material properties,
without damaging the material. Ultrasonic transducers are used to generate and
detect acoustic waves. Therefore, these transducers can be used as both transmitters
and receivers. Distributed point source method (DPSM) is a semi-analytical
technique used to model ultrasonic (or eddy current) transducers for computing
pressure and velocity fields (or magnetic fields) generated by ultrasonic (or eddy
current) transducers. Placko and Kundu [PLA 01a, 04] first developed the method
for ultrasonic transducer modeling. This technique has been used to model ultrasonic
fields in homogenous and non-homogenous fluids, and scattered fields generated by
a solid scatterer of finite dimension placed in the fluid [PLA 02, 03]. Inhomogenous
media composed of fluid and solid materials with a fluid-solid interface have also
been modeled by this technique without using Green’s function for the solid material
[LEE 02] and using the solid Green’s function [BAN 06a, b, c]. Use of the DPSM
for solving problems other than ultrasonic problems is discussed in [PLA 01b]. In
the DPSM technique, point sources are placed close to the active front face of the
transducer and the problem boundary, as well as on both sides of an interface [PLA
06]. Each point source acts as an active source of energy and for each of them an
Chapter written by Rais AHMAD, Tribikram KUNDU and Dominique PLACKO.
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analytical solution for the generated field can be obtained. The total ultrasonic field
is calculated by superimposing the solutions of all point sources. In this chapter the
ultrasonic field generated by two transducers, when they are placed in a
homogenous fluid, has been calculated using the DPSM technique. The results
presented here show the importance of considering the interaction effect between the
transducers when the total field is calculated. In other words, in order to correctly
calculate the total ultrasonic field, it should be kept in mind that the second
transducer not only acts as a generator of the ultrasonic energy but also as a scatterer
of the energy generated by the first transducer, and vice versa.
5.2. Theory
The DPSM can be used to calculate the pressure field generated by an ultrasonic
transducer of finite dimension, placed in a homogenous or non-homogenous fluid
(or fluid-solid) media, or in a fluid with a scatterer of finite dimension. The theory
associated with this formulation is briefly described in the following section. For a
more detailed description the readers are referred to [PLA 04].
5.2.1. Planar transducer modeling by the distribution of point source method
The basic principle of DPSM for modeling of magnetic and ultrasonic sensors
has been described in a number of earlier publications [PLA 01a, 04]. The active
surface of the transducer is modeled by an array of point sources as shown in Figure
5.1. Each point source transmits a signal. The total signal is the superposition of the
signals transmitted by all point sources. The pressure field due to a finite plane
source can be assumed to be the summation of the pressure fields generated by a
number of point sources distributed very close to the surface of the finite aperture of
the transducer, as shown in Figure 5.1. The combined effect of a large number of
point sources distributed on a plane surface is the vibration of the particles in the
direction normal to the plane surface. Non-normal components of motion at a point
on the surface, generated by neighboring source points, cancel each other.

Figure 5.1. Four point sources distributed near a finite aperture of an ultrasonic transducer
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5.2.2. Computation of ultrasonic field in a homogenous fluid using DPSM
As described in [PLA 04], if the point sources are distributed near the transducer
face, the pressure field generated at a point x (see Figure 5.2) by the transducer can
be obtained by integrating the spherical waves, as done in the conventional surface
integral technique:

p ( x) = ∫ B

exp(ik f r )
4π r

S

(5.1)

dS (y )

where B relates the source velocity and pressure and is thus proportional to the
source velocity amplitude. For a point located on the central axis of the transducer,
the integral in equation (5.1) can be evaluated in closed form for a flat circular
transducer of radius a [SCH 98]:

)

(

p( z ) = pcv0 ⎡exp ( ikz ) − exp ik z 2 + a 2 ⎤
⎢⎣
⎥⎦

(5.2)

vm

x1

x
v3m

rm

m

x3m

x2
Figure 5.2. Velocity vm at point x due to the m-th point source

x3
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Let the strength of the m-th point source be Am, then the pressure at a distance rm
from the point source is given by:
pm (r ) = Am

exp(ik f rm )

(5.3)

rm

If there are N point sources distributed over the transducer surface, as shown in
Figure 5.2, then the total pressure at point x is given by:
N

N

exp(ik f rm )

m =1

m =1

rm

p(x) = ∑ pm (rm ) = ∑ Am

(5.4)

where rm is the distance of the m-th point source from point x.
The velocity in the radial direction at a distance r from the m-th point source is
given by:
vm ( r ) =

Am ∂ ⎛ exp(ik f r ) ⎞ Am ⎛ ik f exp(ik f r ) exp(ik f r ) ⎞
⎜
⎟=
⎜
⎟
iωρ ∂r ⎝
r
r
r2
⎠ iωρ ⎝
⎠
A exp(ik f r ) ⎛
1⎞
= m
⎜ ik f − ⎟
iωρ
r
r⎠
⎝

(5.5)

the velocity components in the three directions, when contributions of all N sources
are added, are given by:
Am x1m exp(ik f rm ) ⎛
1⎞
⎜ ik f − ⎟
2
i
r
r
ωρ
m =1
m =1
m
m ⎠
⎝
N
N
A x2 m exp(ik f rm ) ⎛
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v2 ( x ) = ∑ v2 m (rm ) = ∑ m
⎜ ik f − ⎟
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i
r
ωρ
rm
m =1
m =1
m ⎠
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N

v1 ( x ) = ∑ v1m (rm ) = ∑

N

(5.6)

Am x3m exp(ik f rm ) ⎛
1⎞
⎜ ik f − ⎟ = v0
2
rm
rm ⎠
m =1 iωρ
⎝
N

v3 ( x ) = ∑ v3m (rm ) = ∑
m =1

Thus, from N points on the sphere surfaces, 3N velocity components are
obtained. If all three velocity components at the transducer surface are defined and
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all three components are to be continuous at the solid-fluid interface, then we need
to satisfy 3N equations. It should be noted here that for highly viscous fluids all 3
velocity components may be continuous at the fluid-solid interface, however, for
non-viscous fluids only the velocity component normal to the interface should be
continuous. Therefore, depending on the type of fluid one may need to satisfy 3N
equations or N equations. For N point sources we have N number of unknown source
strengths. One can easily evaluate N unknowns from N equations. However, to
satisfy 3N equations from N unknowns can be difficult. In that situation in order to
get same number of unknowns as equations, one can increase the number of
unknowns from N to 3N by replacing each point source by a triplet. In the triplet
modeling the single source of every sphere is replaced by three sources. Three point
sources of each triplet are located at three vertices of an equilateral triangle and
these triangles are oriented randomly on a plane at x3 = –rS. Random orientation of
triplet sources is necessary to preserve the isotropic material properties and prevent
any preferential orientation. Thus, by solving a system of 3N linear equations (for
triplet sources) or a system of N linear equations (for simple point sources), the
source strengths Am associated with all point sources can be obtained. After getting
Am, the pressure p(x) can be calculated at any point (on the transducer surface or
away) from equation (5.3). In the following section, the matrix formulation is
presented assuming that we need to satisfy 3N equations. However, it should be kept
in mind that for non-viscous fluids when only one velocity component is to be
satisfied across the transducer face-fluid interface then the number of equations and
unknowns should be reduced to N and in all subsequent formulations 3N should be
replaced by N.
5.2.3. Matrix formulation
Equation (5.6) can be written as the following matrix equation:
VS = M SS A S

(5.7)

where VS is the (3N × 1) vector of the velocity components at N number of surface
points and AS is the (3N × 1) vector containing the strengths of 3N number of point
sources. MSS is the (3N × 3N) matrix relating the two vectors VS and AS. Where:

{VS }

T

= ⎡⎣ v11

{AS } = [ A1
T

v12

v31

v12

v22

v32

........ v1N

v2N

v3N ⎤⎦

A2 A3 A4 A5 A6 ...... A3N −2 A3N −1 A3N ]

(5.8)

(5.9)
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and
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3N ×3N

where
f ( x njm , rmn ) =

x njm exp(ik f rmn ) ⎛
1⎞
ik f − n ⎟
⎜
2
rm ⎠
⎝
iωρ ( rmn )

(5.11)

In equation (5.11), the first subscript j of x can take values 1, 2 or 3 and indicate
whether x is measured in x1, x2, or x3 direction. The subscript m of x and r can take
values from 1 to 3N depending on which point source is considered and the
superscript n can take any value between 1 and N corresponding to the point on the
transducer surface where the velocity component is computed. As mentioned earlier
in this formulation for 3N point sources, three boundary conditions on the velocity
are satisfied at every point of the N boundary points. However, if only the normal
velocity component is equated to the given value, then we need to solve for only N
point sources from N equations.
Source strength vectors can be obtained as:
A S = [ M SS ] VS = N SS VS
−1

(5.12)

The pressure PT and velocity vector VT at any given number (M) of points {x} or
x can be simultaneously obtained by:
PT = QTS A S
VT = MTS A S

(5.13)
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Matrix MTS is same as MSS of equation (5.10) when the target points or reference
points are identical to the transducer surface points where the velocity components
are matched to obtain the point source strength vector AS in equation (5.12). Matrix
QTS is obtained as:

QTS

⎡ exp ( ik f r11 )
⎢
r11
⎢
⎢
2
⎢ exp ( ik f r1 )
⎢
r12
⎢
⎢ exp ( ik r 3 )
f 1
=⎢
⎢
r13
⎢
...
⎢
⎢
...
⎢
⎢ exp ik f r1NT
⎢
r1NT
⎣⎢

(

)

exp ( ik f r21 )

exp ( ik f r31 )

r21

r31

exp ( ik r

2
f 2

)

r22

exp ( ik f r32 )
r32

... ...
... ...

exp ( ik f r23 )

exp ( ik f r33 )

3
2

r

r33

...

...

... ...

...

...

... ...

(

NT
f 2

exp ik r
NT
2

r

)

(

NT
f 3

exp ik r
NT
3

r

)

... ...

... ...

exp ( ik f r31N ) ⎤
⎥
r31N
⎥
⎥
exp ( ik f r32N ) ⎥
⎥
(5.14)
r32N
⎥
exp ( ik f r33N ) ⎥
⎥
⎥
r33N
⎥
...
⎥
⎥
...
⎥
NT
exp ik f r3 N ⎥
⎥
r3NNT
⎦⎥ M ×3 N

(

)

Replacing AS by [MSS]-1VS in equation (5.13) we get:
PT = QTS [ M SS ] VS
−1

VT = MTS [ M SS ] VS
−1

(5.15)

5.2.4. Modeling of ultrasonic field in a homogenous fluid in the presence of a
solid scatterer
When a solid scatterer is placed in front of a transducer in a homogenous fluid,
the ultrasonic field can be computed using DPSM by placing point sources both at
the transducer surface and along the fluid-solid interface of the solid scatterer. The
acoustic field in the fluid is calculated by superimposing the contributions of two
layers of point sources distributed over the transducer face and the scatterer face, as
shown in Figure 5.3. Two layers of sources are located at a small distance rS away
from the transducer face and interface, respectively, such that the apex of the
spheres (of radius rS) touches the transducer face or interface, as shown in the
figure.
Strength of the point sources distributed along the transducer surface can be
obtained from equation (5.12). In order to find the strength of the point sources
attached to the interface, velocity components at the interface due to the reflected
waves at the interface are to be matched, as described below.
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Velocity components at M interface points due to ray 1 only (ignoring reflection)
can be easily obtained from the N triplet sources in the following manner (see
equation (5.13)):
i
VTi = MTS
AS

(5.16)
x1

P
ray 1

ray 2
x3

ym

Fluid
1

Fluid
2

xn
rS

Figure 5.3. Point P can receive two rays: direct ray 1
and reflected ray 2, from a single point source ym

where VTi is the velocity vector at the target points (xn) on the interface due to the
incident beam only and A S is the vector of the point source strengths on the
i
i
transducer surface. MTS
is the matrix that relates the two vectors VT and A S , and
i
the components of MTS are, in this case, identical to those for MTS and can be
obtained in a similar manner as MSS .
In order to calculate the source strength at the interface, the velocity due to the
reflected field at the interface (generated by the point sources at the transducer face)
and the velocity due to the direct incident field produced by the point sources at the
scatterer face are equated:
r
VTr = MTS
AS

(5.17)

r
MTS
is the (3M × 3N) matrix that relates the two vectors VTr and A S of
r
equation (5.17). Let us note that components of MTS
can be obtained by multiplying
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i
MTS
by appropriate reflection coefficient RP. RP can be obtained by solving the
equation:

[ A ]{ X } = {b}

(5.18)

where

[A] =
⎡
⎢0
⎢
⎢
⎢0
⎢
⎢
⎢− 1
⎢
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⎢ cosθ
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⎣
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−
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(5.19)

{ X } = [ RP

TP

AD

AU

BD

Bu ]

T

and
⎡

{b} = ⎢0
⎣

0

1

0

cos θ
ρω 2 c

⎤
0⎥
⎦

T

(5.20)

Definitions of different terms of equations (5.19) and (5.20) and their
expressions are given in [PLA 04].
The incident field generated by the point sources at the scatterer surface is
obtained from:
VTr = MTIi A I

(5.21)
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where VTr is the (3M × 1) vector, same as that in equation (5.17). AI is the (3M × 1)
vector of the strength of interface sources; this vector is unknown. M TIi is the
(3M × 3M) matrix that relates the two vectors VTr and AI, whose components are
calculated by using the same mathematical formulation as those for MSS and MTS.
Since AI is unknown, AI is solved in the following manner:
−1

(

−1

)

r
A I = ⎡⎣MTIi ⎤⎦ VTr = ⎡⎣ MTIi ⎤⎦ MTS
AS

(5.22)

Equation (5.22) gives the source strength at the interface in terms of the source
strength at the transducer face.
The velocity vector on the transducer surface, due to the point sources distributed
over the transducer face, can be obtained from equation (5.16):
VSi = M iSS A S

(5.23)

VSi is the (3N × 1) vector of the velocity components at the transducer surface.
A S is the (3N × 1) vector of the point source strengths distributed over the
transducer face and M iSS is the (3N × 3N) matrix, identical to the matrix MSS,
defined in equation (5.10).

In the same manner, velocity components on the transducer surface, due to the
interface sources are given by:

VSr = M iSI A I

(5.24)

The above equation is obtained from equation (5.21), after placing the target
points on the transducer surface. Here, VSr is a (3N × 1) vector of the velocity
components at N points on the transducer surface, A I is the (3M × 1) vector of the
interface source strengths and M iSI is the (3N × 3M) matrix, similar to the one given
in equation (5.10).
Adding equations (5.23) and (5.24), the total velocity at the transducer surface is
obtained:

VS = VSi + VSr = M iSS A S + M iSI A I

(5.25)

Modeling of the Ultrasonic Field of Two Transducers

169

Substituting equation (5.22) into equation (5.25):
−1

r
VS = M iSS A S + M iSI A I = M iSS A S + M iSI ⎡⎣ M TIi ⎤⎦ M TS
AS

(5.26)

−1
r ⎤
⇒ VS = ⎡⎢ M iSS + M iSI ⎡⎣ MTIi ⎤⎦ MTS
A
⎣
⎦⎥ S

or
−1

−1
r ⎤
A S = ⎡⎢ M iSS + M iSI ⎡⎣ M TIi ⎤⎦ MTS
VS
⎣
⎦⎥

(5.27)

where
VS = [ 0 0 v0

0 0 v0

............ 0 0 v0 ]

T

(5.28)

This choice for Vs reflects the fact that the vibration produced by a piezoelectric
transducer generally has only normal displacement and velocity components on its
active surface.
After obtaining AS, the pressure field at any point between the transducer and the
scatterer can be calculated in the following manner:
PT = PSi + PIi

(5.29)

−1
⎡
P i = Q i A i = Q i ⎢M i + M i ⎡M i ⎤
Mr
S
TS S
TS ⎢ SS
SI ⎢⎣ TI ⎥⎦
TS
⎣
−1
⎡
⎤
P i = Q i A i = Q i ⎢M i ⎡M i ⎤
M r ⎥A
⎢
⎥
I
TI I
TI ⎢ SI ⎣ TI ⎦
TS ⎥ S
⎣
⎦
⎡
= Q i ⎢M i ⎡M i ⎤
TI ⎢ SI ⎢⎣ TI ⎥⎦
⎣

−1

⎤⎡
M r ⎥ ⎢M i + M i ⎡M i ⎤
TS ⎥ ⎢ SS
SI ⎢⎣ TI ⎥⎦
⎦⎣

⎤
⎥
⎥⎦

−1

−1

V

S

⎤
Mr ⎥
TS ⎥
⎦

−1

(5.30)
V

S

5.2.5. Interaction between two transducers in a homogenous fluid
When two transducers are placed in a homogenous fluid, the ultrasonic field can
be modeled by superimposing two simpler problems, as shown in Figure 5.4. Fields
due to these two simpler problems can be added to obtain the total ultrasonic field at
any point xn. Let us note that each transducer face will act as the source of energy as
well as a reflecting surface. For simplicity we will refer to one of the transducers as
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the left side transducer (see Figure 5.4 or bottom transducer in Figure 5.5) and to the
second one as the right side transducer (see Figure 5.4 or top transducer in Figure
5.5).
As shown in Figure 5.4, the original problem is decomposed into two simpler
problems – in one problem, the right transducer is replaced by an imaginary scatterer
and in the second problem, the left transducer is replaced by the imaginary scattering
surface (see the bottom two figures of Figure 5.4). For the first problem (the left
figure), the ultrasonic field at a point xn is the combined effect of the ultrasonic rays
coming from the left side transducer face and the imaginary scatterer on the right side.
For the second problem (the right figure) the acoustic field at point xn is the combined
effect from the right side transducer and the imaginary scatterer on the left side.
xn

x

x

x3

x3

x2

x2

=
x

xn Imaginary Imaginary
scatterer

x3

x2

Transducer
face

xn

x1

scatterer

+

x3
Transducer
face

x2

Figure 5.4. Modeling of multiple transducers placed in a homogenous fluid

For both problems the transducer and the scatterer surfaces are modeled as
distributed point sources. The total ultrasonic field at point xn generated by the two
transducers is then obtained by superimposing the two solutions. In mathematical
notations, the modeling steps described above can be written as:
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Ple ft = P Si ( left ) + P Ii ( rig h t sc a tter er )
P r ig h t = P Si ( r ig h t ) + P Ii ( le ft s ca tter e r )

(5.31)

PT o ta l = Pleft + P r ig h t
where Pleft and Pright are the pressure fields generated by problems 1 and 2,
respectively. PSi and PIi are obtained from equation (5.30). PTotal is the combined
effect for the two transducers. Let us note that PiI takes into account the interaction
effect. If the ultrasonic fields generated by the two transducers are simply added
without taking into account the interaction (or scattering) effect of one transducer on
the other, then PiI will not come in the formulation.

5.3. Numerical results and discussion
The objective of this chapter is to study the interaction effect between two
ultrasonic transducers placed in a homogenous fluid (water) medium. MATLAB
programs have been developed based on the DPSM formulation described above.
Numerical results are presented for two transducers placed in parallel (Figure 5.5(a))
or at an inclination (Figures 5.5(b) and 5.5(c)). In Figure 5.5(b) one transducer face
is placed parallel to the x1-axis (or x-axis) and the second transducer face is rotated
about the center point of the first transducer face. Thus, in this orientation, the
central axes of the two transducers intersect on the front face of the first transducer.
In Figure 5.5(c) both transducers are rotated by the same amount but in opposite
directions. As a result, in Figure 5.5(c) the central axes of the two transducers
intersect in front of the transducer faces at an equidistant point. The intersection
point lies on a horizontal plane of symmetry between the two transducers. In Figure
5.5(b) no such plane of symmetry exists.

(z) x3

θ

Transducer

θ

θ

(x) x1

(a)

(b)

(c)

Figure 5.5. Orientation of the transducer faces for the three cases presented in the chapter
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5.3.1. Interaction between two parallel transducers
As shown in Figure 5.5(a), two transducers are placed in parallel facing each
other, in water. For the scatterer response calculation, the outermost layer of the
transducer is taken as steel. The acoustic properties of steel and water are given in
Table 5.1. Following the procedures described in sections 5.2.4 and 5.2.5, the
transducer surfaces are modeled as energy generating surfaces as well as scatterer or
reflecting surfaces. First, the ultrasonic field is generated at a point for the direct
energy transmission from the left side transducer (see Figure 5.4 or bottom
transducer in Figure 5.5) and the reflected field from the right side imaginary
scatterer surface (see Figure 5.4 or the top transducer surface in Figure 5.5). Then it
is calculated from the direct transmission from the right side transducer surface (see
Figure 5.4 or the top transducer in Figure 5.5) and the left side imaginary scatterer
(see Figure 5.4 or the face of the bottom transducer in Figure 5.5). The total
ultrasonic field is then obtained by superimposing these two ultrasonic fields.

Material &
properties

P-wave speed
(km/s)

S-wave speed
(km/s)

Density (gm/cc)

Steel

5.96

3.26

7.932

Water

1.49

–

1

Table 5.1. Water and steel properties

For the first investigation we placed two transducers of the same size (crosssectional area A = 11.56 mm2 and transducer radius R = 1.92 mm) facing each other
as shown in Figure 5.5(a). We varied the distance between them to study the
interaction effect as a function of distance between the transducers. First, the
transducers are placed at a distance of 15 mm face to face and the excitation
frequency is taken as 1 MHz. Figures 5.6(a), (b) and (c) show the acoustic pressures
generated by the transducers when the interaction effect or the scattering effect of
the second transducer is ignored; whereas Figures 5.7(a), (b) and (c) plot the
acoustic pressures generated by the transducers when the scattering effect of the
second transducer is included. Let us clarify here again what we mean by the
interaction effect being ignored in Figure 5.6 and considered in Figure 5.7. Figure
5.6(c) is obtained by simply superimposing the fields 5.6(a) and (b) that are
generated by individual transducers in absence of the second transducer. In other
words, fields shown in Figures 5.6(a) and (b) are produced by a single transducer
while ignoring the presence of any other object in the homogenous fluid medium.
On the other hand, while computing the fields shown in Figures 5.7(a) and (b) the
ultrasonic energy generated by one transducer is calculated in the presence of an
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inclusion in the fluid – in this case the second transducer. Let us note that in Figures
5.7(a) and (b) the second transducer does not generate any ultrasonic energy but its
surface acts as a reflector or scatterer. This scattering effect or the interaction effect
should be considered (as described in sections 5.2.4 and 5.2.5) for correctly
modeling the total field. The pressure field generated by one transducer (bottom),
while the second transducer (top) is acting as a scatterer is shown in Figure 5.7(a).
Figure 5.7(b) shows the opposite case. The total field is computed by superimposing
the fields 5.7(a) and 5.7(b), and shown in Figure 5.7(c).
Since Figure 5.6(a) shows the acoustic pressure generated by the first transducer
only, without any interference from the second transducer, it does not show any
reflected energy that can be seen in Figure 5.6(a) at the second transducer surface
position. Figure 5.6(b) shows the acoustic pressure generated by the second
transducer only while the first transducer is absent. As mentioned earlier, Figure
5.6(c) shows the combined effect obtained by superimposing Figures 5.6(a) and (b).
Pressure variations along the central axes of the transducers are shown in Figures
5.6(c), (d) and (e). Figures 5.6(c) and (d) show the effects of individual transducers
while the combined effect is shown in Figure 5.6(e). Because of the interference
between the two ultrasonic beams produced by the two transducers, alternate peaks
and dips, as shown in Figures 5.6(c) and (e), are observed in the region between the
two transducers.
In Figures 5.7(a) and (b) the interference between the transducer generated beam
and the reflected beam from the second transducer surface causes the alternate peaks
and dips in the ultrasonic pressure field. Since Figures 5.6(a) and (b) show that such
reflected energy is absent, no alternate peaks and dips can be seen there. In order to
generate Figure 5.7 the transducer surface and the imaginary scatterer surface are
modeled by 20 point sources each. It should be pointed out here that the developed
programs can also handle varying discretization for the transducer surface and the
imaginary scatterer surface.
Pressure field variations along the central axes of the transducers are shown in
Figures 5.7(d), (e) and (f). Incident and reflected field strength variations are shown
by solid and dashed lines, respectively, in Figures 5.7(d) and (e). Note that the
incident (or the transducer generated) fields shown in Figures 5.6(d), (e) and 5.7(d),
(e) are identical. But the reflected fields of Figures 5.7(d) and (e) have been ignored
in Figure 5.6. It is interesting to see that the pressure field in the central region
between the two transducers is noticeably different in Figures 5.6(f) and 5.7(f). Field
strength in the central region shown in Figure 5.7(f) is about half of that in Figure
5.6(f). This clearly shows the importance of considering the interaction effect while
modeling multiple transducers.
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When the distance between the transducers is increased to 30 mm (see Figures
5.8 and 5.9) the importance of considering the interaction effect still does not
diminish. A comparison between Figures 5.8(f) and 5.9(f) also shows a significant
difference in the pressure field strengths near the central region.
From Figures 5.6 and 5.7 (or 5.8 and 5.9), the most important point to be noted is
that the total pressure field generated by ignoring the scattering effect is significantly
stronger than the pressure field obtained after considering this effect. This is because
when the scattering effect is considered, the acoustic rays hitting the second
transducer face reflect back creating a second pressure field that, to some extent,
reduces the strength of the original pressure field generated by the first transducer.
As a result, when the combined field is obtained by superimposing the two fields, a
weaker field is produced in comparison to the no scattering condition. By comparing
Figures 5.6 and 5.8 (or 5.7 and 5.9) it can be concluded that, as expected, the
interaction between the two transducers is more prominent when the distance
between them is smaller. When this distance is increased, the diminishing effect of
the reflected wave from the second transducer is decreased.
Figures 5.10(a), (b) and (c) show the 3-D plots of acoustic pressure fields
generated by two transducers placed at a distance of 30 mm. Corresponding 2-D
plots or contour plots are shown in Figures 5.9(a), (b) and (c), respectively.
In another investigation the size and the strength of the transducers are changed
to find out the interaction between the transducers of different size. The area of one
transducer is taken as before (A = 11.56 mm2, R = 1.92 mm), but the size of the
second transducer is increased by a factor of two (A = 23.12 mm2, R = 2.71 mm).
Figure 5.11(a) shows the pressure distribution for this case. From Figure 5.11(a) we
see that, as expected, the low-pressure zone has moved towards the smaller
transducer.
In this investigation, the face of the top transducer is kept parallel to the x1-axis
while the bottom transducer is rotated about the center of the top transducer, as
shown in Figure 5.5(b), by an amount of 20o and 30o. Figures 5.12 and 5.14 show the
pressure fields for the 20o and 30o rotations, respectively, for the no scattering case.
Figures 5.13 and 5.15 show the corresponding pressure fields when the scattering
effect is included. The distance between the transducer centers is maintained at 20
mm. For 20o inclination the pressure field generated for the no scattering condition
(see Figure 5.12(a)) is much stronger than the field generated by considering the
scattering or interaction effect (Figure 5.13(a)). In Figure 5.13(a) one can see that
there develops a low-pressure zone between the transducers. When the inclination
angle is increased to 30o (Figures 5.14 and 5.15) the pressure fields generated by
considering and by ignoring the interaction effects become very close to each other.
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a)

b)

c)
Figure 5.6. Acoustic pressure in the XZ (or x1x3) plane without the interaction effect for a
distance of 15 mm between the transducers. (a) and (b) show pressure fields generated by
individual transducers (without the interaction of the scatterer), while (c) shows
the total field, obtained by adding fields (a) and (b)

176

Advanced Ultrasonic Methods for Material and Structure Inspection

d)

e)

f)
Figure 5.6 contd. (d) and (e) represent the acoustic pressure along the z-axis
(line connecting the centers of the transducers) without the interaction effect, or
when the presence of the second transducer is ignored, while (f) shows the total
field after adding fields (d) and (e). The distance between the transducers is 15 mm
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a)

b)

c)
Figure 5.7. Acoustic pressure in the XZ (or x1x3) plane considering the interaction effect – the
distance between the transducers is 15 mm. (a) and (b) show pressure fields generated by one
transducer when the second transducer acts as a scatterer or reflector and
(c) shows the total pressure field
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d)

e)

f)
Figure 5.7 contd. (d) and (e) show acoustic pressure along the z-axis (line connecting the
centers of the transducers) when the interaction effect is considered. Solid and dashed lines
correspond to the generated and reflected fields, respectively; (f) shows the total field after
adding fields (d) and (e). The distance between the transducers is 15 mm. Note the lower field
strength near the central plane (Z = 7.5 mm) in Figure 5.7(f) compared to Figure 5.6(f)
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a)

b)

c)
Figure 5.8. Same as in Figure 5.6 but the distance between the two
transducers is 30 mm and the interaction effect is also ignored
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d)

e)

f)
Figure 5.8 contd. Same as in Figure 5.6 but the distance between the two
transducers is 30 mm and the interaction effect is also ignored
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a)

b)

c)
Figure 5.9. Same as in Figure 5.8 but the interaction effect (scattering by the second
transducer) is considered here and the distance between the two transducers is 30 mm
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d)

e)

f)
Figure 5.9 contd. Same as in Figure 5.8 but the interaction effect (scattering by the second
transducer) is considered here and the distance between the two transducers is 30 mm.
Note the lower field strength near the central plane (Z = 15 mm)
in Figure 5.9(f) compared to Figure 5.8(f)
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b)

c)
Figure 5.10. The acoustic pressure shown in Figure 5.9 is plotted in 3-D here. As in Figure
5.9 the distance between the transducers is 30 mm and the scattering effect is considered.
(a) and (b) show the pressure field generated by one transducer while the second
one acts as a scatterer and (c) shows the combined effect

a)

b)
Figure 5.11. Acoustic pressure for different transducer sizes: top transducer size
(surface area) is twice of that of the bottom transducer – (a) 2-D plot, (b) 3-D plot
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5.3.2. Interaction between an inclined and a flat transducer

a)

b)
Figure 5.12. Pressure fields generated by two transducers placed with a relative
inclination angle of 20o (see Figure 5.5b) while the interaction
or scattering effect between the transducers is ignored

a)

b)
Figure 5.13. Same as in Figure 5.12 but the interaction effect
between the transducers is considered

a)

b)

Figure 5.14. Same as in Figure 5.12 but the relative inclination between the transducers is
30o and the interaction effect between the transducers is ignored
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b)

a)

Figure 5.15. Same as in Figure 5.13 but the relative inclination between the transducers is
30o and the interaction effect between the transducers is considered

5.3.3. Interaction between two inclined transducers
In the third investigation both transducer surfaces are rotated by the same
amount but in opposite directions, one clockwise and the second one in the counter
clockwise direction, as shown in Figure 5.5(c). Figures 5.16 and 5.17 show the
pressure fields for two cases. Figure 5.16 shows the pressure field when the
transducers are rotated by 45o and the distance between the transducers is 8 mm.
Figure 5.17 shows the pressure field when this distance is reduced to 4 mm, keeping
the inclination angle unchanged. For these two orientations of the transducers the
differences between the pressure fields generated by considering the interaction
effect (Figures 5.16 and 5.17) and by ignoring this effect (not shown here) are found
to be small because the second transducer is located at a position where the field
generated by the first transducer is small and therefore the scattered field produced
by the second transducer body is small.

Figure 5.16. Interaction between two inclined (45o inclination angle) transducers,
8 mm apart; Figure 5.5(c) shows the orientation of the transducers
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Figure 5.17. Interaction between two inclined (45o inclination angle) transducers,
4 mm apart; Figure 5.5(c) shows the orientation of the transducers

5.4. Conclusion
The DPSM is used to calculate the pressure distributions in a homogenous fluid
when two active transducers are placed in parallel or at an angle. MATLAB
programs have been developed to obtain the pressure fields for different orientations
of the transducers. Strong interaction effect is observed for some transducer
orientations. Therefore, simple superposition of two ultrasonic fields generated by
two individual transducers working independently, in absence of the second
transducer, is not sufficient to model the combined ultrasonic field. It should be kept
in mind that the second transducer not only works as the source of the ultrasonic
energy, but also as a scatterer for the ultrasonic field produced by the first transducer
and vice versa. This scattering effect (also called the “interaction effect” in this
chapter) must be considered in order to correctly model the complete ultrasonic
field. It is interesting to see that the interaction effect reduces the total field strength
on many occasions. When the transducers are placed at a larger inclination, relative
to each other, the interaction phenomenon affects the ultrasonic field less in
comparison to the case when they are placed at a smaller inclination angle
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Chapter 6

Ultrasonic Scattering in Textured
Polycrystalline Materials

6.1. Introduction
Microstructural evolution during heat treatment processes has been a subject of
research for the past several decades. The knowledge that the material
microstructure directly affects the macroscopic material properties was a turning
point in the field of materials manufacturing. Specific types of manufacturing
processes strive to produce the corresponding microstructure in a controlled fashion.
Many heat treatment processes, such as annealing, are used to relieve the internal
stress state that develops during cold working, which allows the microstructure to
rearrange itself into a state of lower energy. During such processing, individual
crystals in a polycrystalline aggregate submit to orientation changes. Often, the
recrystallization process creates material texture or preferred orientation of grains.
The orientation of the recrystallized grains together with the final grain size
distribution determines the final properties of polycrystalline materials. The degree
and type of texture are best described quantitatively by the orientation distribution
function (ODF), which gives the probability of a particular crystallite in the sample
having a specific orientation with respect to the sample axes. The subject of material
texture is well developed by Roe [ROE 65, ROE 66] and Bunge [BUN 82]. In
general, most of these materials with preferred crystallographic orientation display
anisotropy of physical properties. The anisotropic elastic response, which is strongly
induced by texture, in turn influences the formability of a polycrystalline material
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[THO 90, THO 94]. Ultrasonic techniques provide information about the interior
microstructure due to the penetration of ultrasonic waves. In recent years, major
advances in ultrasonic monitoring NDE have demonstrated a potential to
characterize the recrystallization process in metals because of their non-destructive
nature. Thus, the texture of polycrystalline aggregates may be monitored by
ultrasonic methods during the recrystallization process. However, the development
of texture during recrystallization is not fully understood, in part due to a lack of
quantitative measurements during recrystallization [HUM 95].
Measurements of the wave velocity and attenuation may be used to infer material
texture in polycrystalline aggregates. Hence, the evaluation of wave phenomena in
polycrystals is of importance for the prediction of the material microstructure. More
recently, models of elastic wave propagation through polycrystalline materials with
texture have typically focused on special cases of texture. For example, the wave
velocity through cubic polycrystalline materials with one aligned axis has been
studied using several different techniques [HIR 86, AHM 96, TUR 99]. These
models were all based on appropriate averages of the stochastic elastic wave
equation. The Voigt averaging techniques, which have been applied previously for
textured aggregates of crystals with particular symmetry [THO 90, SAY 82, JOH 85,
JOH 86, HIR 87], are used here for calculating the average elastic constants.
Knowledge of wave velocity plays an important role in the explanation of a wide
range of wave propagation behaviors in polycrystalline materials. Ultrasonic
velocities in polycrystalline aggregates have been analyzed by Sayers [SAY 82,
SAY 86], Thompson [THO 86, THO 87], Hirsekorn [HIR 86] and others. Those
results were primarily focused on the directional dependence of wave propagation
along the symmetry axes. In other works which includes Crampin and Yedlin [CRA
81], Sayers [SAY 94], Pšencĺk and Gajewski [PSE 98], Mensch and Farra [MEN 99]
and Farra [FAR 01], phase velocities were investigated in anisotropic geological
media for the quasi-longitudinal (qP) or quasi-shear (qS) wave modes. Although
their discussions did not consider texture effects, the analyses applied to anisotropic
media provide valuable insight with respect to texture characterization during
processing.
In this chapter, elastic wave propagation and scattering are examined for textured
crystallites made up of, respectively, cubic crystals or hexagonal crystals such that
the ensemble average medium of interest is orthorhombic or has varying states of
transverse isotropy. In the next section, preliminary elastodynamics are introduced
first. Then the spatial correlation function is presented. In the subsequent section,
wave velocity and polarization are presented for orthorhombic-cubic crystallites.
Attenuations of three wave modes are discussed in terms of frequency and
propagation direction. In section 6.4, wave scattering is presented for hexagonal
crystallites in terms of texture during processing. In section 6.5, a diffuse backscatter
model is introduced in detail in order to explain how the experimental measurements
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may be used to infer material microstructure. A summary is then presented in the
final section.
6.2. Preliminary elastodynamics
Elastic waves in polycrystals with texture are very important to engineering
applications. Waves are a disturbance propagating in such a medium. In order to
understand wave behavior, mathematical and numerical tools are required to analyze
and simulate the phenomena of waves in polycrystalline materials. Using these tools
can help construct virtual views of waves in a textured aggregate. This chapter is
focused on the theory of wave propagation and scattering in general anisotropic
materials. All the formulations are, however, applicable to isotropic materials as a
special case. Waves in an anisotropic material exhibit anisotropic characteristics,
which means that their properties such as velocity and attenuation have directional
dependence.
6.2.1. Ensemble average response
The equation of motion for the elastodynamic response of an infinite, linearelastic material to deformation is given in terms of the Green’s dyadic by:

{−δ

jk

ρ∂ t2 + ∂xi Cijkl (x)∂xl } Gkα (x, x′; t ) = δ jα δ 3 (x − x′)δ (t ),

(6.1)

where δ 3 (x − x′) is the three-dimensional spatial Delta function. The second order
Green’s dyadic, Gkα (x, x′; t ) , defines the response at location x in the kth direction
to a unit impulse at location x′ in the αth direction. The notation ∂ t2 denotes
∂ 2 / ∂t 2 , and ∂xi denotes ∂ / ∂xi . The moduli are considered to vary spatially and
density is assumed uniform throughout with units chosen such that density is unity.
The moduli C are assumed to be spatially heterogenous and have the form
0
Cijkl (x) = Cijkl
+ δCijkl . Thus, the moduli have the form of average moduli, that is
0
Cijkl = Cijkl (x) , plus a fluctuation about this mean, δCijkl . The fluctuations are
assumed to have zero mean δCijkl = 0 . The brackets, < >, denote the ensemble
average. The material properties might have global anisotropy, such that the mean
moduli are not necessarily isotropic.
The covariance of the moduli is characterized by an eighth-rank tensor:

′
δCijkl (x)δCαβγδ (x′) = Ξαβγδ
ijkl η ( x − x ).

(6.2)
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The tensorial and spatial parts of the above covariance, Ξ and η respectively,
are assumed independent. The spatial correlation function η is also assumed to be a
function of the difference between two vectors, x − x ′ . This assumption implies that
the medium is statistically homogenous. For statistically isotropic materials,
however, an additional assumption must be made, such that η is a function of
x − x′ .
~
The spatio-temporal Fourier transform pair for the functions f (x, t ) and f (p, ω )
is defined as:
~
f (p, ω ) =
f (x, t ) =

1
( 2π )
1

+∞ +∞

∫ ∫
∫ ∫

4

f (x, t ))e iωt e −ix⋅p d 3 xdt ,

−∞ −∞
+∞ +∞ ~

( 2π ) 4 − ∞ − ∞

(6.3)

f (p, ω )e −iωt e ix⋅p d 3 pdω.

These definitions allow equation (6.1) to be temporally transformed into the
following form:

{ω δ
2

jk

}

0
+ C ijkl
∂ i ∂ l + ∂ i δC ijkl (x)∂ l G kα (x, x ′; ω ) = δ jα δ 3 (x − x ′).

(6.4)

The random nature of the medium suggests that the Green’s function G is of
little value as it will also be a random function. The interesting quantities are instead
those related to the statistics of the response. These statistics include the mean
response G and the covariance of the response GG ∗ with the * denoting a
complex conjugate. Here the focus is on the examination of the mean response with
corresponding phase velocities and attenuations.
Wave propagation and scattering problems of this sort do not lend themselves to
solution by perturbation methods. As Frisch discussed, these solutions do not
converge [FRI 68]. Instead, Frisch used diagrammatic methods for solution of the
mean response [FRI 68]. The mean response G is governed by the Dyson equation
[FRI 68, WEA 90]:
Giα (x, x ′) = Gi0α (x, x′) +

∫∫ G β (x, y)M β (y, z) G α (z, x′) d
0
i

j

j

3

yd 3 z.

(6.5)

The notation Gi0α ( x, x′) is the bare Green’s dyadic defined as the response of the
medium (without fluctuations), namely, the solution to equation (6.1) when
δCijkl (x) = 0 . The second order tensor M is the mass or self-energy operator.
Equation (6.5) is easily solved in the Fourier transform domain under the
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assumption of statistical homogenity. The spatial Fourier transform pair for G 0 is
given by:
Gi0α (p)δ 3 (p − q) =
Gi0α (x, x ′) =

1
( 2π )

3

1
( 2π )3

∫∫

∫∫ G α (x, x′)e
0
i

− ix⋅p ix′⋅q

e

d 3 xd 3 x ′,

Gi0α (p)δ 3 (p − q)e ix⋅p e −ix′⋅q d 3 pd 3 q.

(6.6)

~
The Fourier transforms which define G (p) and M (p) are given by
expressions similar to that defining G 0 (p). The assumption of statistical homogenity
ensures that G 0 , M and G are functions of a single wave vector in the Fourier
space. The Dyson equation is then transformed and solved in order to give the result
for G (p) of the form:

[

]

−1
~
G (p) = G 0 (p) −1 − M (p) ,

(6.7)

~
where M (p) is the spatial transform of the self-energy. The Dyson equation is exact
and describes the mean response of the medium. The main difficulty in the solution
of equation (6.7) is the representation of M. An approximation of the self-energy M
can be written as an expansion in powers of moduli fluctuations. To first order [FRI
68, KAR 64], M is expressed as [WEA 90]:

M βj ( y , z ) ≈

∂
∂
∂
∂
δCαβγδ (y )
δCijkl (z )
.
Gγ0k (y, z )
∂yα
∂yδ
∂z i
∂z l

(6.8)

Such an approximation is assumed valid if the fluctuations δC are not too large.
The spatial Fourier transform, as defined by equation (6.3), of the self-energy M, is
then formulated. Manipulation of this integration enables it to be reduced to [WEA
90]:

~
~
M βj (p) = d 3 sGγ0k (s) pα pl sδ si Ξαβγδ
ijkl η (p − s).

∫

(6.9)

Thus, the transform of the self-energy can be written as a convolution between
the bare Green’s dyadic and the Fourier transform of the covariance of the moduli
 , equation (6.9) and the Dyson equation,
fluctuations. The components of M
equation (6.7), will be employed to calculate the phase velocity and attenuation of
the wave modes in the next section. Further details of the scattering theory can be
found in several articles [KAR 64, FRI 68, STA 84, WEA 90, TUR 99].
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When ultrasonic waves propagate in anisotropic materials, the phase velocity and
the associated polarization vector are generally determined by the Christoffel
equation, which has been discussed in [FED 68, MUS 70]. In this approach, the
dispersion relations for the mean response are then given by the solution of the
Dyson equation, equation (6.7), as:
−1

−1

gξ (p) = ⎡⎣ gξ0 (p)−1 − mξ (p) ⎤⎦ = ⎡⎣ω 2 − p 2 cξ2 − mξ (p) ⎤⎦ ,

(6.10)

for each wave type ξ inclusive of the quasi-longitudinal (qP) and two quasi-shear
waves. For the transversely isotropic case, the two quasi-shear waves are generally
called the shear horizontal (SH) and quasi-shear vertical (qSV) waves. These are the
expressions for the dispersion relation of the mean response, which defines the
phase velocity and attenuation of each wave type from the solution of:
(6.11)

ω 2 − p 2 cξ2 − mξ (p) = 0,

for the wave vector p. The phase velocity is given by the real part of p and the
attenuation of each wave type is given by the imaginary part of p. Such solutions of
equation (6.10) are usually done numerically using root finding techniques [AHM
96]. However, explicit expressions of the attenuation can be determined using an
approximation valid below the high-frequency geometric optics limit. In this case,
the wave vector p within the self-energy is approximated as being equal to the bare
wave vector. Such an approximation, mξ (p) ≈ mξ (pˆ ω / cξ ) , is sometimes called a
Born approximation [STA 84, WEA 90]. This approximation enables the imaginary
part of p to be calculated directly from equation (6.11). Thus, the attenuations of
each wave type are given by:
αξ (pˆ ) = −

⎛ω
1
Im mξ ⎜
⎜c
2ω cξ (pˆ )
⎝ ξ

⎞
pˆ ⎟ .
⎟
⎠

(6.12)

The final step in this derivation now lies in the expression for the imaginary part
of the self-energy. The definition of the self-energy is given by equation (6.9).
Appropriate inner products enable each component of the self-energy to be
determined independently. The wave numbers which appear in equation (6.9) are
approximated to the same degree of the Born approximation discussed above. The
integration over the magnitude of the wave vector is easily done due to the deltafunction form of G 0 (s) . The attenuations for the three wave types, which are each
defined in equation (6.12), are finally given in the general form [TUR 99, YAN 03]:
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⎛ ω
⎞
ω4
ω
⎪⎧ π
ˆ ˆˆ1
ˆ K psv
2
ˆ
η ⎜
d
s
pˆ −
sˆ ⎟ Ξ....u
⎨
ˆ ˆˆ1
....uˆ K psv
3
5
⎜
⎟
ˆ
ˆ
c
p
c
s
4
(
)
(
)
ˆ
ˆ
cξ (p ) ⎩⎪
cqS1 (s) ⎝ ξ
qS 1
⎠
1

π
4

π
4

∫

∫

d 2 sˆ

∫

d 2 sˆ

ω4
5
cqP
(sˆ )

⎛ ω
⎞ ....uˆ psv
ω
 K ˆ ˆˆ 2
pˆ −
sˆ ⎟ Ξ
ˆ ˆˆ 2
....uˆ K psv
⎜ cξ (pˆ )
⎟
ˆ
c
s
(
)
qP
⎝
⎠

η ⎜

ω4
5
cqS
2 (sˆ )

(6.13)

⎫
⎛ ω
⎞ ....uˆ psv
ω
 K ˆ ˆ ˆ 3 ⎪⎬ ,
pˆ −
sˆ ⎟ Ξ
ˆ ˆˆ3
....uˆ K psv
⎜ cξ (pˆ )
⎟
ˆ
s
c
(
)
qS 2
⎝
⎠
⎭⎪

η ⎜

where K is defined as the polarization for the wave type ξ (1, 2 or 3 for wave types
qS1, qP and qS2, respectively). In the above equation, it may be observed that the
integrals are over the unit sphere, which is defined by unit vector ŝ . The direction
p̂ defines the propagation direction, ŝ is the scattered direction, and û and v̂ are
defined as the polarization directions. The directional dependence of the vectors û
on p̂ and of v̂ on ŝ is implicit. The argument of the correlation is the difference
between the incoming and outgoing propagation directions. The inner products on
the covariance of the moduli fluctuations are given in terms of four unit vectors.

6.2.2. Spatial correlation function
The heterogenous internal structure of almost all natural and man-made materials
requires that any adequate theory concerning their macroscopic behavior should start
with modeling them as random media. In the general sense, a random medium
consists of domains of different materials (phases) or the same materials in different
states. In most situations, however, the details of the microstructure are not
completely known. This knowledge naturally leads one to attempt to estimate the
effective properties from partial statistical information on the sample in the form of
a spatial correlation function. This chapter is focused on the instances in which the
microscopic length scale is much larger than the molecular dimensions but much
smaller than the correlation length of the macroscopic sample. In such
circumstances, the random media such as fiber composites, cracked media,
polycrystals and so on can be viewed as a continuum on the microscopic scale. In
order to study the statistical properties such as attenuation, it is necessary to
introduce the spatial correlation function between the different phases or different
states in random media. Next, the simplest correlation function is introduced, with
particular focus on applications associated with wave scattering problems.
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As discussed in equation (6.2), the tensorial and spatial contributions of the
material covariance are assumed to be independent. The spatial correlations are
characterized by η and it is assumed that the simplest case of η has an exponential
form:
η (r ) = e − r / L .

(6.14)

The correlation length L is of the order of the grain radius in polycrystals. As
discussed by Stanke [STA 86], an exponential function describes the spatial
correlation of spherical grains reasonably well. Such a model, with a single length
scale, is perhaps oversimplified for textured materials since grain elongation always
exists. Hence, a more general spatial correlation function should be used. However,
for textured crystallites, such a model is expected to describe the statistics of the
material properties well. The influence of this choice of correlation function on the
attenuations exists to some extent, but is left as a subject for future investigations. In
Fourier transform space, the correlation function is then given by:
η~(q) =

L3
2

π (1 + L2 q 2 ) 2

(6.15)

.

The forms of the attenuation given above contain the difference of two vectors,
η (q) = η ([ω / c1 (θ )] pˆ − [ω / c2 (θ ′)] sˆ ) as the argument for the covariance in equation
(6.2). Now the correlation function η~ (pˆ , sˆ ) is considered. If the three nondimensional frequencies are then defined as xξ =

ωL
cξ

, using the expression of the

spatial Fourier transform of the correlation function in equation (6.15), the functions
η~ (pˆ , sˆ ) are then expressed in terms of the above dimensionless quantities as
η~ξ1 −ξ 2 (pˆ , sˆ) =

(

L3

π 2 1 + xξ21 (pˆ ) + xξ22 (sˆ ) − 2 xξ1 (pˆ ) xξ 2 (sˆ) pˆ ⋅ sˆ

)

2

,

(6.16)

for the incoming wave type ξ1 and outgoing wave type ξ 2 . The inner product is
pˆ ⋅ sˆ = cos Θ cos Θ′ sin φ sin φ ′ + sin Θ sin Θ′ sin φ sin φ ′ + cos φ cos φ ′ , if the unit vectors
p̂ and ŝ are generally defined by pˆ = xˆ cos Θ sin φ + yˆ sin Θ sin φ + zˆ cos φ and
are,
sˆ = xˆ cos Θ ′ sin φ ′ + yˆ sin Θ ′ sin φ ′ + zˆ cos φ ′. The angles Θ, φ and Θ ′, φ ′
respectively, defined relative to a general coordinate system. The form of the eighthis discussed next for different cases of interest in this chapter.
rank tensor Ξαβγδ
ijkl
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6.3. Cubic crystallites with orthorhombic texture
In this section, wave velocity and attenuation are presented in a general form for
metals with orthorhombic symmetry made up of cubic crystals. In particular, the
wave velocity of the three wave modes is examined during processing. In
polycrystals of cubic symmetry with rolling texture, the material is assumed to have
three orthogonal axes, chosen as the normal direction (ND), transverse direction
(TD), and rolling direction (RD). Upon moving through an anisotropic medium,
three elastic waves, the quasi-longitudinal (qP) and two quasi-shear (qS1 and qS2)
waves, can propagate along any direction. The wave speeds are dependent on the
wave propagation direction, as are the polarizations. Thus, the polarizations are most
generally neither parallel nor perpendicular to the wave propagation direction. The
wave velocities and their polarization directions correspond to the eigenvalues and
eigenvectors of the Christoffel matrix. Analytic expressions of the eigenvalues and
the eigenvectors may be obtained only for special cases with simple symmetries. For
example, the exact solutions can be derived for propagation along any one of the
three axes ND, TD and RD in a polycrystal with cubic crystallites. For more general
cases, the eigenvalues and the eigenvectors must be found numerically. The angular
deviations of the polarization vectors from the propagation directions are also
discussed. It is shown that the maximum angular deviation is not too large relative to
the propagation direction for waves propagating in different directions. These results
are then used to calculate the wave attenuations induced by grains of polycrystals
with a certain distribution in the subsequent subsection.
6.3.1. Orientation distribution function
The best quantitative representation of texture in polycrystalline materials was
developed by Roe [ROE 65, ROE 66, BUN 82] in the 1960s. From a mathematical
point of view, the formulation and terminology are equivalent although the notation
is different. Here, Roe’s notation is primarily used. For textured materials, a detailed
description of polycrystalline material properties in the sample requires knowledge
of the orientation distribution of all crystallites in the sample. The orientation of a
given single crystallite is specified by the three Euler angles θ , ψ and ϕ shown in
Figure 6.1.
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x3
X3
X2
θ
x1

φ

ψ
θ

ψ
φ
x2
X1

Figure 6.1. Roe’s definition of Euler angles θ, ψ, ϕ describing the orientation of the
crystallite coordinate system Xi with respect to the global coordinate system xi

The orientation distribution of crystallite grains with preferred directions in the
sample can be described by the ODF w(θ ,ψ , ϕ ) , which is the probability density
function in terms of the three Euler angles. To discuss the orientation of a grain, a
set of crystallite-fixed axes X i is chosen for a given grain. One may clearly choose
the sample-fixed axes xi along the rolling, transverse and normal directions of a
rolled sheet, respectively. The relation between the crystallite axes X i and the
sample axes xi can be transformed by a rotation matrix using the three Euler angles.
The orientation of the crystallite with respect to the sample axes is then given by the
transformation in the form:
x i = a ij X j ,

(6.17)

where the components of the rotation matrix aij are given in terms of the Euler
angles θ , ψ , ϕ . As discussed above, an ODF w(ξ , ψ , ϕ ) where ξ = cos θ is
introduced to represent uniquely the crystallite orientation distribution.
Since w(ξ , ψ , ϕ ) is a probability density function, the integration of this density
function over all possible directions must equal unity.
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The ODF w may be expanded in a series of generalized spherical harmonics as:
w(ξ , ψ , ϕ ) =

∞

l

l

∑ ∑ ∑W

lmn Z lmn (ξ )e

−imψ

e −inϕ ,

(6.18)

l =0 m = −l n = −l

where Z lmn is the generalized associated Legendre functions, which can be
expressed by the generalized Legendre functions Pl mn (ξ ) [BUN 82]. The expansion
coefficients Wlmn are the orientation distribution coefficients (ODCs) in the
polycrystalline aggregate and are determined by:
Wlmn =

1
4π

2

2π

2π

+1

0

0

−1

∫ ∫ ∫

w(ξ , ψ , ϕ ) Z lmn (ξ )e imψ e inϕ dξdψdϕ .

(6.19)

Detailed results of Z lmn are discussed in the works by Morris and Heckler
[MOR 86]. The number of ODCs in equation (6.19) is actually much smaller than
those expressed by the forms of the equation, since for a particular aggregate the
ODCs are dependent on the symmetry exhibited by the crystalline grains and the
statistical symmetry of the sample as well. Here, the samples of interest are assumed
to have orthorhombic symmetry (rolling texture) made up of crystallites exhibiting
cubic symmetry. Under the assumption of orthorhombic-cubic symmetry, W400 ,
W420 and W440 are the only non-zero, independent coefficients necessary for
determining the fourth-rank effective elastic stiffness tensor. For the calculation of
the material covariance and attenuation, however, nine other non-zero, independent
coefficients of interest W600 , W620 , W640 , W660 , W800 , W820 , W840 , W860 and
W880 are needed.
6.3.2. Effective elastic stiffness for rolling texture
For a statistically orthorhombic medium, there are three mutually perpendicular
planes of symmetry. Without loss of generality, the sample coordinate axes xi are
chosen as those of the symmetry planes of anisotropy. Thus, for a rolled plate three
axes are defined as RD, TD, ND, respectively, which are here represented as â, b̂,
and ĉ . The orientation average of a single crystal tensorial property f (ξ , ψ , ϕ )
weighted by the ODF is given by:
f =

2π

2π

+1

0

0

−1

∫ ∫ ∫

f (ξ , ψ , ϕ ) w(ξ , ψ , ϕ ) Z lmn (ξ )dξdψdϕ .

(6.20)
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In general, the elastic modulus tensor for a single cubic crystal is given by:
3

c ijkl = c12 δ ij δ kl + c 44 (δ ik δ jl + δ il δ jk ) + ν

∑a

in a jn a kn a ln ,

(6.21)

n =1

where the single crystal anisotropic factor ν = c11 − c12 − 2c 44 . The cij represents
the single crystal constants in reduced notation. The elements ain define the
transformation matrix in term of the three Euler angles in equation (6.17). For
orthorhombic symmetry, the averaged elastic stiffness c can be determined using
equations (6.18), (6.20) and (6.21). Therefore, a general form for the elastic stiffness
tensor may be expressed in terms of two independent unit vectors b̂ and ĉ by:
C ijkl = c ijkl = Γ1δ ij δ kl + Γ2 (δ ik δ jl + δ il δ jk ) + Γ3 (δ ij cˆ k cˆ l + δ kl cˆ i cˆ j )
+ Γ4 (δ ik cˆ j cˆ l + δ il cˆ j cˆ k + δ jk cˆ i cˆ l + δ jl cˆ i cˆ k ) + Γ5 cˆ i cˆ j cˆ k cˆ l
+ Γ6 (δ ij bˆk bˆl + δ kl bˆi bˆ j ) + Γ7 (δ ik bˆ j bˆl + δ il bˆ j bˆk + δ jk bˆi bˆl

(6.22)

+ δ jl bˆi bˆk ) + Γ8 bˆi bˆ j bˆk bˆl + Γ9 (bˆi bˆ j cˆ k cˆ l + bˆi bˆk cˆ j cˆ l + bˆi bˆl cˆ j cˆ k
+ bˆ j bˆk cˆ i cˆ l + bˆ j bˆl cˆ i cˆ k + bˆk bˆl cˆi cˆ j ).

The nine coefficients in equation (6.22) are defined by the following as nine
independent elastic constants: C11 , C 22 , C33 , C 44 , C55 , C 66 , C12 , C13 and C 23 ,
respectively
1
(C11 + 2C 44 − 2C 55 − 2C 66 + 2C12 + 2C13 − 2C 23 ),
3
1
= (C11 − C 44 + C 55 + C 66 − C12 − C13 + C 23 ),
3
1
= (− C11 − 2C 44 + 2C 55 + 2C 66 − 2C12 + C13 + 2C 23 ),
3
1
= (− C11 + C 44 + 2C 55 − C 66 + C12 + C13 − C 23 ),
3
= (C11 + C 33 − 4C 55 − 2C13 ),

Γ1 =
Γ2
Γ3

Γ4
Γ5

1
(− C11 − 2C 44 + 2C 55 + 2C 66 + C12 − 2C13 + 2C 23 ),
3
1
Γ7 = (− C11 + C 44 − C 55 + 2C 66 + C12 + C13 − C 23 ),
3
Γ8 = (C11 + C 22 − 4C 66 − 2C12 ),
Γ6 =

Γ9 =

1
(C11 + 2C 44 − 2C 55 − 2C 66 − C12 − C13 + C 23 ).
3

(6.23)
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In the case of a transversely isotropic medium, it is known that C11 = C 22 ,
C 44 = C55 , C13 = C23 and 2C 66 = C11 − C 22 . Thus, the coefficients Γ6 , Γ7 , Γ8 , and
Γ9 are zero. Furthermore, the coefficients Γ3 , Γ4 , and Γ5 will be zero under the
assumption of statistical isotropy. The effective elastic constants in equation (6.23)
can be written as the following explicit form in the Voigt compact notation [SAY
82, JOH 85, HIR 87, THO 90]:
C11 = c11 − 2νΛ 1 ,

C 44 = c 44 + νΛ 4 ,

C 23 = c12 + νΛ 4 ,

C 22 = c11 − 2νΛ 2 ,

C 55 = c 44 + νΛ 5 ,

C13 = c12 + νΛ 5 ,

C 33 = c11 − 2νΛ 3 ,

C 66 = c 44 + νΛ 6 ,

C12 = c12 + νΛ 6 ,

(6.24)

with
1
5

⎤
6 2 2⎡
2 10
70
W420 +
W440 ⎥ ,
π ⎢W400 −
35
3
3
⎣
⎦

1
5

⎤
6 2 2⎡
2 10
70
W420 +
W440 ⎥ ,
π ⎢W400 +
35
3
3
⎣
⎦

Λ1 = −
Λ2 = −

1 16 2 2
π W400 ,
5
35
⎤
1 16 2 2 ⎡
10
W420 ⎥ ,
Λ4 = −
π ⎢W400 +
5
35
2
⎣
⎦

Λ3 = −

(6.25)

⎤
1 16 2 2 ⎡
10
W420 ⎥ ,
π ⎢W400 −
5
35
2
⎣
⎦

Λ5 = −
1
5

Λ6 = +

4 2 2⎡
π ⎣W400 − 70W440 ⎤⎦ .
35

In the case of a statistically isotropic sample, that is, a sample with random grain
orientation, the ODCs W400 , W420 , and W440 are zero. As such, the set of averaged
properties obviously loses its directional dependence. In the next section, the
anisotropic Christoffel equation is presented.

6.3.3. Christoffel equation
The propagation characteristics of elastic waves in an anisotropic medium are
determined by the elastic stiffness of the materials. When elastic waves propagate
through a homogenous, anisotropic medium, the phase velocity V and the associated
polarization vector u of plane waves must satisfy the Christoffel equation [MUS
70]:

(T

ik

− V 2δ ik ) uk = 0,

(6.26)
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where δ ik is the Kronecker delta, and the notation T is the symmetric Christoffel
tensor given by the relation:
(6.27)

ρTik = C ijkl pˆ j pˆ k .

Here, ρ is the material density, and p̂ is the unit vector in the propagation
direction, which is often expressed by polar angle φ and azimuthal angle Θ . The
summation over repeated indices is implied. Because of the symmetry
characteristics of the effective elastic tensor C , the components of the Christoffel
tensor are also symmetric. The tensor T therefore has six independent components.
In the case of the orthorhombic system, those independent terms can be written in
compact form as [FED 68]:
ρT11 = C11 p12 + C 66 p 22 + C 55 p 32 ,
ρT22 = C 66 p12
ρT33 = C 55 p12

+ C 22 p 22
+ C 44 p 22

+ C 44 p 32 ,
+ C 33 p 32 ,

ρT12 = (C12 + C 66 ) p1 p 2 ,
ρT13 = (C13 + C 55 ) p1 p 3 ,

(6.28)

ρT23 = (C 23 + C 44 ) p 2 p 3 .

The effective elastic constants (see equation (6.28)) in the orthorhombic-cubic
symmetry are given by equation (6.24). The Christoffel equation describes a
standard eigenvalue (V²)-eigenvector (u) problem for the Christoffel tensor T, which
defines the wave velocity and polarization vectors.
6.3.4. Wave velocity and polarization
In the case of a statistically orthorhombic sample made up of cubic crystallites, it
is known that ultrasonic velocities depend on many factors within the material. The
main effects are the single grain elastic constants, mass density and especially the
texture. Therefore, given the elastic constants and texture coefficients, and any
chosen propagation direction, the wave velocities of the three wave types can be
obtained by solving the Christoffel equation for that propagation direction. In
general, the eigenvalues are calculated by:

(

)

det Tik − V 2δ ik = 0.

(6.29)

The polarization vectors are equal to the eigenvectors of the Christoffel tensor T
corresponding to the appropriate eigenvalue. When solving the system of equations,
for any given direction p̂ , three positive values of the squared phase velocity V 2
are obtained, which respectively represent the quasi-longitudinal (qP), and two
quasi-shear (qS1 and qS2) wave modes. After the eigenvalues are determined, the
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associated polarization vectors û of each corresponding mode can be obtained from
equation (6.26). Since the Christoffel tensor T is symmetric, the polarization vectors
of the three modes are always orthogonal to each other, but none of them is
necessarily parallel or perpendicular to direction p̂ . In most cases, the eigenvalues
and the eigenvectors must be found numerically. However, in some situations, for
example waves propagating in the symmetry planes, analytic solutions may be found
explicitly.
Given an orthorhombic model, there are always three mutually orthogonal planes
of symmetry that coincide with the coordinate planes. While a plane wave
propagating in the x1 − x 2 plane, the projection of direction p̂ on the x3 axis
disappears, that is, pˆ = xˆ 1 cos Θ + xˆ 2 sin Θ. Thus, the velocities of each wave type
can be explicitly given in the form:
ρV qS2 1 = C 44 sin 2 Θ + C 55 cos 2 Θ,

(6.30)

2
2 ρV qP
= Q + Q 2 − 4R ,

2 ρV qS2 1 = Q − Q 2 − 4 R ,

where the quantities Q and R are defined by:
Q = C11 cos 2 Θ + C 22 sin 2 Θ + C 66 ,

(

)(

R = C11 cos 2 Θ + C 66 sin 2 Θ C 22 sin 2 Θ + C 66 cos 2 Θ
− (C12 + C 66 ) sin Θ cos Θ.
2

2

)

(6.31)

2

The effective elastic constants are given in equation (6.24). In this case, the
polarization direction of the quasi-shear (qS1) wave is perpendicular to the x1 − x 2
plane, namely, u 3 = x3 . The polarization vectors of other two waves (qP and qS2)
are located within the x1 − x 2 plane.
When considering wave propagation within the x1 − x3 plane, the projection of
direction p̂ on the x2-axis vanishes, that is pˆ = xˆ 1 cos Θ + xˆ 3 sin Θ. In this specific
case, the velocities of the three wave types can be explicitly given in the form:
ρV qS2 1 = C 44 sin 2 Θ + C 66 cos 2 Θ,
2
2 ρV qP
= P + P 2 − 4S ,

2 ρV qS2 1 = P − P 2 − 4S ,

(6.32)
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where the quantities P and S are defined by:
P = C11 cos 2 Θ + C 33 sin 2 Θ + C 55 ,

(

)(

S = C11 cos 2 Θ + C 55 sin 2 Θ C 33 sin 2 Θ + C 55 cos 2 Θ
− (C13 + C 55 )2 sin 2 Θ cos 2 Θ.

)

(6.33)

Finally, when considering wave propagation within the x 2 − x3 plane, the
projection of direction p̂ on the x1-axis vanishes, that is pˆ = xˆ 2 cos Θ + xˆ 3 sin Θ. In
this case, the velocities of the three wave types are given by:
ρV qS2 1 = C 55 sin 2 Θ + C 66 cos 2 Θ,

(6.34)

2
2 ρV qP
= M + M 2 − 4N ,

2 ρV qS2 1 = M − M 2 − 4 N ,

where the quantities M and N are defined by:
M = C 22 cos 2 Θ + C 33 sin 2 Θ + C 44 ,

(

)(

N = C 22 cos 2 Θ + C 44 sin 2 Θ C 33 sin 2 Θ + C 44 cos 2 Θ
− (C 23 + C 44 )2 sin 2 Θ cos 2 Θ.

)

(6.35)

Numerical results are now presented for a particular texture case. In 70% rolled
steel, the single cubic grain constants and the texture coefficients of interest are
given by [BUN 82]:
c11 = 237 GPa,
c 400 = −1.47,

c12 = 141 GPa,
c 420 = −0.46,

c 44 = 116 GPa, ρ = 7850 kg/m 3 ,

c 440 = 0.50.

(6.36)

It should be pointed out that the ODCs’ relation of the Bunge’s notation clmn and
Roe’s notation Wlmn must be used for carrying out the calculation, that is
2
(−1) m + n clmn . If the propagation direction is defined by
2l + 1
8π
pˆ = xˆ 1 cos Θ sin φ + xˆ 2 sin Θ sin φ + xˆ 3 cos φ , where Θ is an azimuthal angle and φ is
a polar angle, the general phase velocities may be calculated using equation (6.29).
Since orthorhombic symmetry has three mutually orthogonal planes of symmetry,
all calculations are made for 0 ≤ Θ ≤ 90 D and 0 ≤ φ ≤ 90 D .
Wlmn =

1

2
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Figure 6.2. Wave velocity as a function of the azimuthal angle Θ at the polar angle
φ = 0o , 30o , 45o , 60o , 90o . The (a) qP and (b) qS wave modes are shown

Figure 6.2(a) represents the quasi-longitudinal (qP) wave velocity as a function
of the azimuthal Θ at the given polar angle φ . At φ = 0 D , the wave propagation
direction is along the x3-axis; for φ = 90 D , wave propagation direction is within the
x1 − x 2 plane. It is observed from Figure 6.2(a) that at φ = 0 D the quasi-longitudinal
wave velocity has a maximum. Figure 6.2(b) shows the velocities of two quasi-shear
(qS) waves as a function of the azimuthal angle Θ at the given polar angle φ . The
two quasi-shear waves are observed to have their minima at φ = 0 D , respectively.
The maximum variation of the wave velocity with respect to this specific model is at
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the polar angle φ = 90 D and φ = 0 D for wave propagation along the x3-axis, and the
velocities of the three wave modes are constants, as shown in Figure 6.2.
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Figure 6.3. Wave velocity upon wave propagation vector within the three
symmetry planes. The (a) qP and (b) qS wave modes are shown

In Figure 6.3(a), the qP wave velocities are presented as a function of
propagation direction within the x1 − x2 , x1 − x3 , and x 2 − x3 planes, respectively.
In the x1 − x 2 plane, the wave velocity increases at the beginning, reaches a
maximum and then decreases as the azimuthal angle Θ increases. In contrast, the
wave velocities in the x1 − x3 and x 2 − x3 planes are observed to decrease first and
then increase as the angle Θ increases for this particular texture. Figure 6.3(b)
represents the two qS waves velocities when the wave propagation vector is located
within the three symmetry planes. In the x1 − x3 and x 2 − x3 planes, at the
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intersection points or singular points, the two quasi-shear waves have the same
velocities. The singularity of the quasi-shear wave velocity is a basic feature in
anisotropic media. Such a phenomenon was discussed for orthorhombic media in
detail by Crampin and Yedlin [CRA 81] and Farra [FAR 01]. It is observed from
Figure 6.3(b) that the qS1 wave velocities have their maxima at Θ = 45° when
propagating within the x1 − x3 and x 2 − x3 planes, while the qS2 wave velocity has
a minimum at Θ = 45° upon propagating in the x1 − x 2 plane. The results also show
that the qS2 wave velocities have their maxima at Θ = 0° and minima at Θ = 90°
when propagating within the x1 − x3 and x 2 − x3 planes, and the qS1 wave velocity
has a maximum Θ = 0° and a minimum at Θ = 90° for propagation in the x1 − x 2
plane. In the following section, the wave velocity during annealing is studied.
6.3.5. Phase velocity during annealing
In order to use ultrasonic techniques for monitoring texture during processing,
the relationships between ultrasonic parameters, such as ultrasonic wave velocity
and material texture must be investigated. Liu et al. have proposed a model to
extract information about recrystallization from such ultrasonic measurements [LIU
00]. Here, their model is used to discuss the ultrasonic wave velocity during
annealing. Note that there are six idealized texture components which are generally
assumed to be present in rolled and recrystallized aluminum [HUM 95]. In the
model discussed by Liu et al., those six ideal texture components are assumed to
evolve in time following certain function forms with some constants to be
determined. It is also assumed that the observed ODCs, for example
W 400 , W420 , W440 , may be averagely weighted by the volume fraction of each
component. Thus, for the case of rolled and recrystallized aluminum, the ODCs are
given by [LIU 00]:
W400 = −0.0077 f1 (t ) − 0.0309 f 2 (t ) − 0.0077[ f 3 (t ) + f 4 (t ) + f5 (t )],
W420 = −0.0244 f1 (t ) + 0.0081 f 2 (t ) − 0.0003 f 4 (t ) − 0.0081 f 5 (t ),

(6.37)

W440 = 0.0134 f1 (t ) + 0.0185 f 2 (t ) − 0.0108 f3 (t ) − 0.0089 f 4 (t ) − 0.0108 f5 (t ),

where f i (t ) represent the texture components evolving in time with functional form
shown in Figure 6.4(a). These respectively represent the Goss, Cube, Cu, S, B and
Random volume fractions. The detailed discussion is reviewed in [HUM 95]. During
annealing, the recrystallized texture, such as the Goss and Cube components,
increases, while the rolling texture, i.e. the Cu, S, and B components, decreases.
Thus, for this particular aluminum model, the ODCs versus annealing time curves
based on the texture shown in Figure 6.4(a) are presented in Figure 6.4(b). We see
that during annealing the ODCs are invariant at the beginning and the end of the
process, while the ODCs vary in the middle of the process.
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Figure 6.4. (a) Texture components as a function of annealing
(log) time; (b) the ODCs versus annealing time

Based on the above discussions, the wave velocity during annealing is presented.
In this particular rolled and recrystallized aluminum, the elastic constants of the
cubic crystal grain used are: c11 = 108 GPa, c12 = 611 GPa, c44 = 296 GPa and
ρ = 2,700 kg/m. In Figure 6.5(a), the qP wave velocity is shown for propagation
along the three orthogonal axes, i.e., ND, RD and TD. The V ND , V RD , VTD are quasilongitudinal wave velocities propagating in the normal direction, rolling direction
and transverse direction, respectively. The qP wave velocities decrease as the ODCs
increase during annealing. Figure 6.5(b) represents one quasi-shear (qS1) wave
velocity. The V NT is the wave velocity for propagation in the normal direction and
polarization in the transverse direction, and VTN is the wave velocity for
propagation in the transverse direction, polarization in the normal direction and
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V NT = VTN . The V RN is the wave velocity for propagation in the rolling direction
and polarization in the normal direction. In contrast, the qS1 wave velocities
increase as the ODCs increase during annealing. Figure 6.5(c) shows the quasi-shear
(qS2) wave velocity. We observe that the shear wave velocity of V RT ( VTR ) is
dominated by the ODCs W400 and W440 , which increase during annealing. Based on
the information analyzed above, the texture of polycrystalline aggregates may be
inferred as a function of annealing time. The ODCs, for example W400 , W420 ,
W440 , can be calculated from ultrasonic velocity measurements [LIU 00]. The
ultrasonic velocities of sample specimens can be measured during annealing. Thus,
the ODCs can be determined during such processing.
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Figure 6.5. Wave velocity versus annealing time when wave is propagating in the
ND, RD, TD, respectively. (a) qP, (b) qS1 and (c) qS2 wave modes as shown

6.3.6. Attenuation
Ultrasonic waves propagating in textured aggregates lose energy due to
scattering from the granular microstructure of these materials. This scattering is
often characterized by the attenuation of the medium. In general, the attenuation is
dependent on the grain size, shape and on the particular orientation distributions of
the grains. If the grains are randomly oriented such that the medium is statistically
isotropic, these propagation properties are independent of direction. However, the
scattering attenuation and wave velocity are a function of the propagation direction
if the grains have a preferred orientation. Often, most metallic materials with
preferred orientation of grains display anisotropy of material properties. Therefore,
knowledge of the anisotropic nature of the wave propagation and scattering in
textured materials, such as attenuation is critical for the use of ultrasonic nondestructive techniques. Such information might provide valuable insight for
modeling the microstructure of such complex materials during processing.
To calculate the attenuations, the relevant inner products on the covariance of the
effective moduli fluctuations are required [TUR 99]. The covariance of the moduli
fluctuations is represented by an eighth-rank tensor. For polycrystals of cubic
symmetry, this is written as:
Ξ αβγδ
= c ijkl cαβγδ − c ijkl cαβγδ
ijkl
=ν 2

3

∑a

3

in a jn a kn a ln

n =1

−ν 2

n =1

n

n

n

n

n =1

3

∑a

(6.38)

∑ aα a β a γ a δ
3

in a jn a kn a ln

∑ aα a β a γ a δ
n

n =1

n

n

n

,
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where the brackets
denote an ensemble average over all orientations of grains
and ν = c11 − c12 − 2c 44 is the single crystal anisotropy factor. If the polycrystal is
of orthorhombic-cubic symmetry, only certain terms are non-zero. Details of the
non-zero terms may be found in [YAN 04].
The forms of the attenuations presented in equation (6.13) require various inner
products on the covariance tensor. These inner products have the general form of
ˆ ˆ ˆˆ
....upsv
αβγδ
ˆβ uˆk pˆ α pˆ β sˆi sˆδ vˆγ vˆ j , where the vectors p̂ and sˆ, respectively,
Ξ ....upsv
ˆ ˆ ˆ ˆ = Ξ ijkl u
represent the incoming and outgoing propagation directions. The vectors û and v̂
are vectors defining the polarization directions of the appropriate waves. While
waves propagate in arbitrary directions, the polarization vectors are found by the
Christoffel equation. Substituting the correlation function, equation (6.16) and the
inner products into equation (6.13), the resulting dimensionless attenuations are
given in the form:

α ξ (pˆ ) =

+

xξ4 cξ (pˆ ) ⎧⎪
⎨
2ρ 2 ⎪
⎩

∫ π (1 + x
4

....uˆ pˆ sˆvˆ

∫ π (1 + x
4

Ξ ....uˆ K pˆ sˆvˆ 1
K

2

ξ

(pˆ ) +

2
x qS
1 (sˆ ) − 2 x ξ

1

(pˆ ) x qS1 (sˆ )pˆ ⋅ sˆ

....uˆ pˆ sˆvˆ
Ξ ....uˆ K pˆ sˆvˆ 2
K
2
2

ξ

(pˆ ) +

2
(sˆ ) − 2 xξ
x qP

(pˆ ) x qP (sˆ )pˆ ⋅ sˆ

)

2 5
c qP (sˆ )

)

2 5
c qS1 (sˆ )

d 2 sˆ

d 2 sˆ

(6.39)

⎫
2 ⎪
ˆ⎬,
d
s
2 5
2
ˆ ) x qS 2 (sˆ )pˆ ⋅ sˆ c qS
⎪⎭
1 + xξ2 (pˆ ) + x qS
2 (sˆ ) − 2 xξ (p
2 (sˆ )
....uˆ pˆ sˆvˆ

+

∫π (
4

Ξ ....uˆ K pˆ sˆvˆ 3
K

3

)

where K is defined as the polarization for the wave type (1, 2 or 3 for wave types
qS1, qP and qS2, respectively). It should be noted that these inner products have
units of ν 2 . The normalized frequency xξ is defined by xξ = ωL / cξ , where ω is
the frequency and cξ is the wave velocity of each mode. In equation (6.39), we can
see that the integrals are over the unit sphere, which is defined by unit vector ŝ . It is
ˆ ˆ ˆˆ

upsv
do not have general
known that in equation (6.39) the inner products Ξ ....
....uˆ pˆ sˆvˆ

analytic expressions for arbitrary propagation directions in this orthorhombic-cubic
case. Thus, these results must be calculated numerically.
Numerical results are now presented for a 70% rolled steel plate. The material
constants of a single crystallite and the texture coefficients of the ODF with respect
to the generalized spherical functions are given by [BUN 82]:
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c11 = 237 GPa,
00
4

c = −1.47,
c640 = 0.46,
c860 = −0.47,

c44 = 116 GPa, ρ = 7,850 kg/m 3 ,

c12 = 141 GPa,
20
4

c = −0.46,
c660 = −0.14,

40
4

c = 0.50,

c600 = 2.69,

c620 = −1.20,

c800 = −0.07,

c820 = 0.29,

c840 = −0.45,

(6.40)

c880 = −0.22.

The ODCs in Bunge’s notation clmn must be converted into those in Roe’s
notation Wlmn , which are used in this discussion. In order to carry out the
calculations for the attenuations (see equation (6.39)), numerical methods are
employed. The procedure of numerical methods for calculating the wave
attenuations is now described.
First, using the Christoffel equation, the eigenvalue-eigenvector problem is
solved for a given wave propagation direction and scattering direction. Second, the
covariance of the moduli fluctuations is calculated by equation (6.38). Next, using
the known covariance and eigenvectors, the inner products of each wave type are
calculated numerically. Finally, the double integration is implemented numerically
by the extended trapezoidal method. In this presentation, various examples are
presented in order to describe important features of the wave attenuations.
Convergence of the numerical integration was examined first. Wave attenuations
of each wave type were examined for waves propagating in the rolling direction, that
is Θ = 0 D and φ = 90 D , and at dimensionless frequency x qS1 = 1.0 . The results
presented elsewhere show fast convergence for each wave mode in numerical
integrations using the extended trapezoidal method [YAN 04]. In order to achieve a
balance between efficiency and accuracy, the number of intervals in the integration
N = 20 is chosen for calculating the attenuations for each wave mode in the results
that follow.
The directional dependence of the attenuation is presented first for a given
dimensionless frequency, x qS1 = 1.0 . Figure 6.6(a) shows the normalized quasilongitudinal wave (qP) attenuation, α qP L , as a function of azimuthal direction Θ
for various polar angles φ . We see that the attenuation is dependent on the
propagation direction and the attenuation varies in different directions. The results
for the normalized shear wave (qS1 and qS2) attenuations are presented in Figures
6.6(b) and 6.6(c), respectively. The directional dependence on the propagation
direction for the attenuations is also noticeable. In Figure 6.6(a), the qP wave
attenuation is observed to have the maximum at Θ = 90 D for given angles φ . In
Figure 6.6(b), the curves of the qS1 wave attenuation have smoothly changing
shapes. Figure 6.6(c) shows that for propagation at polar angle φ = 30 D , 45 D , 60 D ,
respectively, the maximum attenuation is about Θ = 45 D and at polar angle φ = 90 D
there is a minimum attenuation approximately at Θ = 45D. Furthermore, the
asymmetry is observed in Figure 6.6(c) for various polar angles.
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Figure 6.6. Directional dependence of the normalized attenuations, αξL for
frequency xqS1 = 1.0. The (a) qP, (b) qS1 and (c) qS2 wave modes as shown
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Figure 6.7. Normalized attenuations αξL as a function of dimensionless frequency
xqS1 = 1.0 for propagation in the rolling, normal and transverse directions
for three wave modes: (a) qP, (b) qS1, and (c) qS2
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Next, results are presented for the normalized attenuations as a function of
frequency for several propagation directions. In Figure 6.7, the normalized
attenuations of the three wave modes are plotted versus dimensionless frequency
x qS1 for propagation directions along the rolling, normal and transverse directions,
respectively. For the example considered here, Figure 6.7(b) shows the qS1 wave
attenuation for propagation in the rolling, normal and transverse directions with
polarization in the normal, transverse and rolling directions, respectively. Figure
6.7(c) shows the qS2 wave attenuation propagated in the rolling, normal and
transverse directions and polarized in the transverse, rolling and normal directions,
respectively. We observe that there is a transition region as the dimensionless
frequency increases. Thus, the relative order of the attenuation is switched in such a
transition region for the three wave modes, respectively. The attenuations increase
with the fourth power of frequency in the low frequency limit. After a transition
region, the attenuations scale with the square of frequency as expected.
The generalized attenuation results presented in this section for arbitrary
propagation direction suggest that new ultrasonic techniques for characterization of
texture coefficients may be possible. Further study is necessary to unravel the
complex relations between the ODCs and the angular and frequency dependence of
the attenuations. Attenuation measurements could ultimately be inverted so that the
ODCs may be determined. However, such an approach must be optimized by
choosing measurement directions that are the most sensitive to the desired ODC.
Thus, theoretical developments such as this one will provide a firm basis for
directing new experiments. Eventual process control of recrystallization that is
quantitative will require modeling-directed experimental methods. In addition to
theoretical research, numerical methods will also be necessary in order for progress
to be made. This work must also be expanded to include other factors important to
textured materials, such as grain size distribution and grain shape.
6.4. Attenuation in hexagonal polycrystals with texture
In this section, quantitative relations between fiber texture and wave attenuations
of hexagonal crystals are presented. The texture is characterized by a Gaussian
distribution function which contains a single parameter that governs the transition of
the texture from perfectly aligned grains to statistically isotropic. Under this
assumption, the materials of interest have a varying degree of transverse isotropy
representing various states of processing conditions. Simple expressions for the
attenuations of the three modes of waves are given in a concise representation. The
resulting attenuations are presented and discussed in terms of the directional,
frequency and texture dependence. The results presented are expected to improve
the understanding of the microstructure evolution during thermomechanical
processing.
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6.4.1. Effective elastic stiffness for fiber texture
For textured materials, as discussed previously, a detailed description of
polycrystalline material properties in the sample requires knowledge of the orientation
distribution of all crystallites in the sample. The orientation distribution of crystallite
grains with preferred directions in the sample can be described by the ODF
w(θ , ψ , ϕ ) , which is the probability density function in terms of the three Euler
angles, as presented in equation (6.18). Here we adopt the Gaussian distribution
function F as ODF, which is a reasonable approximation for the fiber texture
associated with hexagonal polycrystalline materials [LI 00]. This means that the
distribution depends only on Euler angle θ and is independent of anglesψ and ϕ :
⎛ θ2
F (σ , θ ) = F0 exp⎜ −
⎜ 2σ 2
⎝

⎞
⎟,
⎟
⎠

(6.41)

where σ is a single parameter that governs the transition of the texture from
perfectly aligned grains to statistically isotropic. The coefficient F0 may be
expressed as:
F0 =

2⎞
2 ⎞⎤
⎛ σ 2 ⎞⎡
⎛
⎛
⎟ ⎢2 Erfi⎛⎜ σ ⎞⎟ − Erfi⎜ − iπ + σ ⎟ − Erfi⎜ iπ + σ ⎟⎥,
exp⎜ −
⎜
⎟
⎜
⎟
⎜
⎟
⎜
2
⎢
4 2
2σ ⎠
2σ ⎟⎠⎥⎦
⎝ 2⎠
⎝
⎠⎣
⎝
⎝

πσ

(6.42)

where Erfi is the imaginary error function. The shape of this type of distribution
function for several values of σ is shown in Figure 6.8. Two extreme cases can be
observed. One is a quasi-single crystal with perfectly aligned grains which occurs
as σ → 0 . The other limiting case is a statistically isotropic polycrystal with
randomly oriented grains which occurs as σ → ∞ . Other degrees of texture
between these limits can be realized by varying σ . Thus, such a distribution
function allows a single parameter to model this transition during processing.
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Figure 6.8. Gaussian distribution function with various parameters σ
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In general, the elastic modulus tensor for a single hexagonal crystallite is given
by:
c ijkl = λ h δ ij δ kl + µ h (δ ik δ jl + δ il δ jk ) + A(δ ij eˆ k eˆl + δ kl eˆi eˆ j )
+ B(δ ik eˆ j eˆl + δ il eˆ j eˆ k + δ jk eˆi eˆl + δ jl eˆi eˆ k ) + Deˆi eˆ j eˆ k eˆl ,

(6.43)

where the unit vector ê is defined as the crystal six-fold symmetry axis. The five
coefficients in equation (6.43) are given in terms of single hexagonal crystallite
elastic constants c11 , c33 , c 44 , c12 , c13 , c66 as:
λ h = c12 = c11 − 2c 66 , µ h = c 66 , A = c13 − c12 ,
B = c 44 − c 66 ,

D = c11 + c 33 − 2c13 − c 44 .

(6.44)

The average medium is characterized by the average stiffness tensor. If the
average elastic stiffness tensor cijkl represents a transversely isotropic medium, it
may be written as a function of Kronecker deltas and the unit vector n̂ , which
defines the fiber direction (or uniaxial symmetry axis). It may be expressed by:

Cijkl = cijkl = Γ 1δ ijδ kl + Γ 2 (δ ik δ jl + δ il δ jk ) + Γ 3 (δ ij nˆk nˆl + δ kl nˆi nˆ j )
+Γ 4 (δ ik nˆ j nˆl + δ il nˆ j nˆk + δ jk nˆi nˆl + δ jl nˆi nˆk ) + Γ 5 nˆi nˆ j nˆk nˆl ,

(6.45)

where the coefficients Γi (i=1, 2, 3, 4, 5) are functions of σ . It may be expressed as
[YAN 06]:

Γ 1 = λ h + 2 AM 1 + DM 3 ,
Γ 2 = µ h + 2 BM 1 + DM 3 ,
Γ 3 = AM 2 − DM 3 + DM 5 , Γ 4 = BM 2 − DM 3 + DM 5 ,
Γ 5 = 3DM 3 + DM 4 − 6 DM 5 ,

(6.46)

where the M i are written as:
1 0
1
Iσ − Iσ2 ) , M 2 = ( − Iσ0 + 3Iσ2 ) , M 5 = Iσ4 ,
(
2
2
1 0
1
2
4
M 3 = ( Iσ − 2 Iσ + Iσ ) , M 4 = ( Iσ2 − Iσ4 ) ,
8
2

M1 =

(6.47)

with the coefficients I σm (m = 0, 2, 4, 6, 8) defined by:
Iσm =

1 π
F (σ , θ ) cos m θ sin θ dθ .
2 ∫0

(6.48)
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Hence, the five effective elastic constants of the average medium set are
expressed by:
C11 = Γ 1 + 2Γ 2 ,

C33 = Γ 1 + 2Γ 2 + 2Γ 3 + 4Γ 4 + Γ 5 ,

C44 = Γ 2 + Γ 4 , C12 = Γ 1 , C13 = Γ 1 + Γ 3 , C66 =

200

(6.49)

C33

175
Elastic constants (Gpa)

1
(C11 − C12 ).
2

C11

150
125
100

C12

75

C13

50

C44

25

C66

0 -2
10

-1

10

0

Parameter σ

10

1

10

Figure 6.9. Effective elastic constants as a function of texture parameter σ

Some examples of results of the effective elastic constants are now shown for a
titanium polycrystal. The material constants of the single hexagonal crystallite used
here are c11 = 160 Gpa, c12 = 90 Gpa, c13 = 66 Gpa, c33 = 181 Gpa and
c 44 = 46.5 Gpa. In Figure 6.9, the elastic constants are presented as a function of
σ , where σ governs the crystal alignment from perfectly aligned ( σ = 0 ) to
randomly aligned (σ→∞). It is clearly seen from Figure 6.9 that as σ approaches
zero, the grains in polycrystals become perfectly aligned. In this case, the
polycrystal behaves as a quasi-single crystal, the elastic constants of which reduce to
the appropriate single crystal constants. When σ approaches infinity, the grains in
the polycrystal are randomly oriented, as expected. In such a case, the five
independent elastic constants of the polycrystal reduce to two independent elastic
constants. The transition between these two limits is seen clearly. Because the focus
here is on wave propagation and scattering phenomena, the directional dependence
of the wave speeds is of importance. Thus, slowness surfaces are presented for
various parameters σ for the shear horizontal (SH), quasi-longitudinal (qP) and
quasi-shear waves (qSV), respectively (see Figure 6.10). The transition of the texture
from perfectly aligned to statistically isotropic is clear.
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Figure 6.10. Slowness surface of three wave modes:
(a) qP, (b) SH and (c) qSV for three values of σ
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6.4.2. Attenuation
The scattering of elastic waves, often characterized by the attenuation, in a
polycrystal results from the misalignment of the grains. In order to calculate the
attenuations, the relevant inner products on the covariance of the moduli fluctuations
are required [TUR 99]. The covariance of the moduli fluctuations is represented by
an eighth-rank tensor which is given explicitly by:
αβγδ
Ξ ijkl
= cijkl cαβγδ − cijkl

cαβγδ

(6.50)

where the brackets 〈 〉 denote an ensemble average over all orientations of grains.
The average elastic stiffness tensor c is given in equation (6.45) as a case of
interest here. The first term in equation (6.50), cc is defined by:
cijkl cαβγδ =

1
8π

2

π

2π

2π

0

0

0

∫ ∫ ∫

(6.51)

cijkl cαβγδ F (σ , θ )sin θ dψ d ϕ dθ .
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Figure 6.11. Covariance as a function of σ

Detailed derivation of the term cc may be found elsewhere [YAN 06]. Thus,
the covariance given in equation (6.50) can be calculated. Example values of the
covariance Ξαβγδ
of interest are plotted in Figure 6.11. We observe from Figure
ijkl
6.11 that the covariance becomes constant when σ becomes large as expected. For
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ˆ ˆ ˆˆ

upsv
the inner products Ξ ....
given above, the vectors p̂ and ŝ , respectively,
....uˆ pˆ sˆvˆ

represent the incoming and outgoing propagation directions. The vectors û and v̂
are polarization directions of the appropriate waves. Without loss of generality, the
vectors are defined with respect to a general xyz coordinate system as shown in
Figure 6.12. The vectors n̂ , p̂ and ŝ are given by:
nˆ = zˆ ,
pˆ = xˆ sin Θ + yˆ cos Θ,
sˆ = xˆ sin Θ ′ cos φ ′ + yˆ sin Θ ′ sin φ ′ + zˆ cos Θ ′.

(6.52)

The polarization vectors û and v̂ , as shown in Figure 6.12, are given elsewhere
[TUR 99]. In order to calculate the attenuations of the three wave types, numerical
integrations are employed in equation (6.40). The inner products on the covariance
of the moduli fluctuations are obtained by equation (6.38). Using the covariance and
wave propagation vectors obtained, the inner products of each wave type are
calculated numerically. Then the attenuations of the three wave types as a function
of texture parameter σ are finally obtained. Further details of the attenuation
derivation can be reviewed in the article of Yang and Turner [YAN 06].
x
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Figure 6.12. Geometry for the propagation direction p̂ , the scattering
direction ŝ and the respective polarization directions û and v̂

Numerical results of the attenuations are now presented for titanium. The single
hexagonal elastic constants are given above. The texture dependence of the
attenuations for a given dimensionless frequency x SH = 0.5 is presented. Figure
6.13(a) shows the dimensionless attenuation of the shear horizontal wave (SH) as a
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function of the texture parameter σ for given wave propagation directions Θ . We
observe that attenuation is zero when the texture parameter σ is small. Since in this
limit the hexagonal crystals are perfectly aligned, they behave as a single crystal
without scattering attenuation as expected. After the zero attenuation region, the
attenuation increases to reach a maximum, then decreases to constant attenuation.
The attenuations along various propagation directions all recover the isotropic limit
as expected as σ → ∞ . In addition, the slight error observed in the isotropic limit is
due to limits of the numerical integrations. We also observe from Figure 6.13(a) that
there are different maxima for different wave propagation directions such that it is
sensitive to the propagation direction due to texture. In particular, it is seen that there
is no peak for Θ = 0 D . Such information is useful for monitoring microstructure
evolution during processing.
In Figure 6.13(b), the dimensionless quasi-longitudinal attenuation (qP) is
plotted versus the texture parameter σ for the given dimensionless frequency and
wave propagation direction. It is observed that the attenuation shows a similar track
with texture parameter σ to the SH wave as well. The attenuation is zero when σ
is small and then increases to reach a maximum value. It is interesting that only
Θ = 0 D and Θ = 30 D have a peak outside the isotropic limit. Hence, it may be
concluded that other hexagonal materials, such as zinc, may have other behaviors
associated with the single crystal anisotropy. The relationship between the
attenuation of the quasi-shear vertical wave (qSV) and the texture parameter σ is
presented in Figure 6.13(c). We see that there are maxima for some propagation
directions as well. However, the variation of these peaks of the qSV wave is much
smaller than those of the SH and qP waves. Therefore, it may be concluded that the
SH and qP waves are more sensitive to the grain orientation during processing.
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Figure 6.13. Attenuations versus texture parameter σ with various
wave propagation directions Θ and the given frequency xSH = 0.5 .
(a) SH, (b) qP and (c) qSV wave modes are shown

6.4.3. Numerical simulation
In this section, the finite element method is used to simulate wave propagation in
textured polycrystals. The numerical model is constructed using a Voronoi
tessellation for uniformly distributed points, with the distance between the points
restricted such that a uniform grain size distribution is created. Here, Voronoi
polycrystals are created inside the required finite domain using the “method of
virtual nuclei”, [GHO 03], an algorithm to construct Voronoi polycrystals inside a
finite domain with convex boundaries. An example model with randomly aligned
( σ → ∞ ) is shown in Figure 6.14. At first two-dimensional Voronoi polycrystals
are constructed and discretized into finite triangular elements of 50 µm that form the
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basis for the prism elements used here. The elements in the model have random
material orientation in three directions. Thus, the model is not completely threedimensional, rather it is a pseudo-three-dimensional model. The displacement data
for the nodes at the loading surface are stored for the attenuation calculations. The
finite element analysis is done using commercial software ABAQUS [ABA 03].
Several models are constructed with different realizations of Voronoi
polycrystals in order to obtain appropriate statistics for the attenuation results. The
loading is a pressure load applied normally to the top surface to simulate an incident
longitudinal wave produced by a longitudinal transducer. A three-cycle Gaussian
pulse with central frequency of 5 MHz is used as the input pressure load for the
example shown here. A uniform grain size distribution is used for all models with
mean grain diameter of 450 µm for a model size of 12 mm × 7.8 mm. Each model
consists of approximately 600 grains. Infinite boundary conditions were imposed to
minimize the reflections at the sides of the model. The infinite elements reduce the
reflections from the side wall. These elements are often known as “quiet”
boundaries and they have damping properties to absorb the wave so that little energy
is reflected.
oad
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Figure 6.14. Finite element model for polycrystalline
material with random crystal orientation
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Example snapshots of the simulations at several time steps for σ = 0.1, 0.6 and
1.0 are shown in Figures 6.15-6.17. The time steps used for the snapshots in Figures
6.15-6.17 are (a) t = 0.7 µs, (b) t = 2.8 µs, (c) t = 4.2 µs, (d) t = 7.0 µs, (e) t = 11.2 µs
and (f) t = 14.0 µs. The arrows beside each snapshot in Figures 6.15-6.17 refer to the
direction of the coherent wave front propagation direction at that instant. The color
indicates stress with black the lowest and white the highest. The scattering from the
grains increases as σ increases as expected as observed by comparing Figures
6.15(d), 6.16(d) and 6.17(d) for t = 7 µs .
An example of the average nodal displacement at the loading surface from the
finite element results is shown in Figure 6.18(a) for σ = 0.6. For attenuation
calculation the echoes are compared in the frequency domain. The Fourier transform
of the two echoes referred as Echo1 and Echo2 are shown in Figure 6.18(b). In the
frequency domain the central peak frequency of the echoes is less than the input
wave frequency, i.e. 5 MHz. The peak shift is due to the scattering. In Figures 6.156.17, we clearly observe that as the scattering increases the input wave front
becomes distorted. Thus the central frequency of the echoes changes from the input
wave frequency.
(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.15. Simulation of titanium for σ = 0.1 at various time steps,
(a) 0.7 µs, (b) 2.8 µs, (c) 4.2 µs, (d) 7.0 µs, (e) 11.2 µs and (f) 14.0 µs
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Figure 6.16. Simulation of titanium for σ = 0.6 at various time steps,
(a) 0.7 µs, (b) 2.8 µs, (c) 4.2 µs, (d) 7.0 µs, (e) 11.2 µs and (f) 14.0 µs
(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.17. Simulation of titanium for σ = 1.0 at various time steps,
(a) 0.7 µs, (b) 2.8 µs, (c) 4.2 µs, (d) 7.0 µs, (e) 11.2 µs and (f) 14.0 µs

Ultrasonic Scattering in Textured Polycrystalline Materials

227

Echo1

Echo2

(a)

(b)
Figure 6.18. Example signals (a) and the Fourier transform of the two echoes
(b) used for attenuation calculation at σ = 0.6

The attenuation calculations are done from the signal obtained numerically. The
attenuation is given by:
e −αD =

F2 (ω )
F1 (ω )

,

(6.53)

where α is the attenuation, D is the travel length of the elastic wave and F1(ω) and
F2(ω) are the first and the second reflections, respectively, in the frequency domain.
The displacement data are averaged over the nodes at the surfaces of the loading
area for each model and the attenuation is calculated. Attenuation results are then
averaged for the various realizations examined. The attenuation results obtained
from the finite element results are shown in Figure 6.19 as a function of σ.
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Figure 6.19. Normalized attenuation for titanium at 5 MHz

The numerical results are obtained from 15 realizations for each value of σ using
an input frequency of 5 MHz. The standard deviation is shown using the error bars
in Figure 6.19 obtained from the 15 realizations. A small value of attenuation was
observed for the homogenous material (σ = 0) due to beam spreading and small
numerical scattering effects. Hence, the attenuation in the homogenous material is
subtracted from that of the heterogenous material model in order for the final
attenuation values to be obtained. Higher attenuation values are obtained for lower
values of σ (i.e. for σ = 0.1 and 0.2) when compared with theoretical values. This
result is due to excess of numerical scattering when the grains are very aligned with
each other. The numerical results show the same overall trend as the theory, with a
small value of attenuation for small σ, an increasing attenuation that reaches a
maximum near σ ≈ 0.6 and then decreases to the statistically isotropic results. The
results of the statistically isotropic were used to determine the effective correlation
length for the theoretical results.
Weaver [WEA 90] speculated that at higher frequencies the correlation function
depends on the volume density of the grain boundary rather than the grain volume V.
For low frequencies this relation is:
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(6.54)

V = d 3 re − r / L = 8πL3 ,

where L is the correlation length. At higher frequency the correlation length may be
half of the value calculated from equation (6.54) [WEA 90]. Thus, it may be
assumed that L = cD, with D the grain diameter and c a constant. Equation (6.54)
implies c = 0.28. Here, to match the numerical results with the theoretical results in
the statistically isotropic limit this constant c = 0.1035. The constant c is determined
by minimizing the root mean square deviation of the error between the theoretical
and numerical attenuation values. The same value of c is then used for attenuation
for all values of σ, although it should be noted that L most likely would change with
the amount of grain alignment (i.e., σ). The example results shown motivate the use
of a Voronoi model combined with the finite element method to investigate
ultrasonic scattering characteristics in textured materials.
6.5. Diffuse backscatter in hexagonal polycrystals
In addition to attenuation measurements, ultrasonic diffuse backscatter
measurements are often used to probe polycrystalline materials [MAR 91] such as
titanium alloys. The technique involves quantifying the energy scattered at the grain
boundaries due to heterogenities in the materials. Some scattered energy reaches the
frontwall before the first echo arrives and this energy is termed the backscatter
noise. This noise is quantified by taking the variance of the signals. Here, each
signal refers to the measurement taken by the transducer at a particular location on
the sample in an ultrasonic pulse-echo experimental set-up.
Generally the theoretical model for diffuse backscatter is divided into three parts
including the system efficiency, the transducer beam model and the material
properties. The system efficiency depends on the equipments used for the
experiments, such as the coupling medium properties and equipment sensitivity.
Transducer modeling depends on the type of transducer used and requires robust
theoretical beam modeling. The material properties refer to the single grain
properties as well as the macroscale properties.
The ultrasonic radiative transfer equation (URTE) describes the diffuse
ultrasonic field throughout the entire parameter range, from single scattering to the
diffusion limit [TUR 94]. The steady state URTE in a single spatial dimension is
given by:
µ

∂ I(τ , µ , φ )
1
+ κ I(τ , µ , φ ) =
∂τ
4πκ T

1 2π

∫ ∫ P(µ , φ , µ ' ,φ ')I(τ , µ ' , φ ')dµ ' dφ '

−1 0

S L (µ , φ ; µ 0 , φ 0 )e −σ Lτ / µ0 + ST (µ , φ ; µ 0 , φ 0 )e −σ Tτ / µ0 ,

(6.55)
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where I (τ , µ , φ ) is the specific intensity, SL and ST are the source functions of
longitudinal and shear modes, respectively and κ is the scattering coefficient
normalized by the shear attenuation coefficient κT. The dimensionless depth τ is
defined by τ = κT z. The angle of scattering is defined by µ = cos Θ with respect to z
and φ as the azimuthal angle. The angular distribution of the scattered portion of the
radiation, scattered from ŝ to ŝ' direction into ŝ direction, is defined by:
P(ŝ, ŝ')

dΩ
,
4π

(6.56)

where Ω is the solid angle and the matrix P is the Mueller matrix. The energy is
scattered by the heterogenities from the propagation direction into a 4π sphere of
scattered propagation directions. The differential scattering cross-section can be
defined as the differential amount of energy lost by the propagating wave into
another direction, with Θ denoting the angle between the incident and scattered
directions. The integral of the differential scattering cross-section for the
longitudinal to longitudinal scattering is the energy lost from the propagating beam
into all directions known as the longitudinal attenuation coefficient [TUR 98]:

∫π P

κ LL = 2α LL =

11

(ŝ, ŝ') dΩ .

(6.57)

4π

4

The longitudinal to longitudinal diffuse backscatter coefficient is then the
amount of energy lost in the direction opposite to the direction of the ultrasonic is
ˆ = −1) . The diffuse backscatter coefficient is then defined by:
introduced (i.e. sˆ • s'
Φ LL =

P11 (− 1)
.
4π

(6.58)

For the case of hexagonal polycrystals considered here, the coefficient P11 is
given by setting Θ = γ = 0 and Θ' = γ ' = π as [YAN 06]:
....û p̂ŝv̂

P11 = Ξ ....û 2 p̂ŝv̂ 2 = b30 = −4 A 2 M 12 − 4 ADM 2 M 5 − 16 ABM 12 − 16 ABM 22
2

2

− 32 ABM 1 M 2 + 16 ABM 5 − 8 A 2 M 1 M 2 + 8BDM 9 − 8BDM 1 M 5
− 8 BDM 2 M 5 − 16 B
16 B

2

M 22

2

2

M 12

2

+ 16 B M 5 − 4 ADM 1 M 5 + 4 ADM 9 −

− 32 B M 1 M 2 + 4 A 2 M 5 − D 2 M 52 − 4Ａ 2 M 22 + D 2 N 5 ,

(6.59)
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where the coefficients are given by:

(

)

(

)

1
1 0
I σ − I σ2 , M 2 = − I σ0 + 3I σ2 ,
2
2
M 5 = I σ4 , M 9 = I σ6 ,
N 5 = I σ8 .

M1 =

(6.60)

with I σm given by equation (6.48). Substituting equation (6.59) into equation (6.58)
gives:

Φ LL =

1 2π 2ω 4 LL
η (− 1)b30
8
4π c qP

(6.61)

Considering the correlation function given in equation (6.16), the normalized
longitudinal to longitudinal diffuse backscatter coefficient for this textured media
may be expressed as:

Φ LL L =

b30
x L4
4
2 2
2πc qP (1 + 4 x qP
)

(6.62)

The backscatter coefficient for a statistically isotropic medium of this type is
given by Thompson [THO 02]:

δC33
x L4
4
2πc L (1 + 4 x L2 )2
2

Φ LL L =

(6.63)

where the covariance for hexagonal crystallite is given by:
δ C332 = (192C112 − 128C11C13 + 48C132 − 256C11C33 + 32C13C33 + 112C332

(6.64)

− 256C11C44 + 192C13C44 + 64C33C44 + 192C442 ) /1575.

An example of the result for the backscatter coefficient for the textured medium
is shown in Figure 6.20 for x L = 1 . At high σ values the backscatter coefficient
converges to the statistically isotropic value shown by the solid dashed horizontal
line. The longitudinal to longitudinal backscatter coefficient as a function of the
texture coefficient σ shows similar characteristics as seen in the attenuation
calculations.
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Figure 6.20. Longitudinal to longitudinal diffuse
backscatter coefficient for titanium

6.6. Conclusion
In this chapter, the propagation and scattering of ultrasonic waves have been
presented for textured polycrystalline materials. The first material examined was a
polycrystal having orthorhombic symmetry made up of cubic crystallites. In this
case, the texture is quantitatively characterized by the ODF. Compact expressions
were derived for wave velocities and attenuations of the quasi-longitudinal (qP) and
two quasi-shear (qS) waves in a generalized dyadic approach. The results showed
that the wave velocities and attenuations are greatly dependent on the wave
propagation direction due to texture. In addition, a relationship between the velocity
and recrystallization variables such as annealing time was discussed. The results
presented are expected to improve the understanding of the microstructure during
processing.
The attenuations and wave velocities in hexagonal aggregates were also
presented. For this case, a Gaussian distribution function was introduced to represent
the crystallite orientation distribution such that a single parameter governs the
transition of the texture from perfectly aligned to statistically isotropic. Under this
assumption, the aggregates of interest have a varying degree of traverse isotropy
representing various states of processing conditions. The resulting attenuations were
presented and discussed in terms of the directional, frequency and texture
dependence. The results showed that the attenuations of each wave mode can be
considerably affected during processing, since the materials microstructure changes.
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In addition, numerical simulations of the scattering of quasi-longitudinal waves were
developed based on Voronoi polycrystals. The results obtained showed that the
numerical results are in basic agreement with the theoretical model. Finally, the
diffuse backscatter model was discussed in detail to explain how the experimental
measurements may be used to infer material microstructure. The investigation is
anticipated to have practical applications to quantitative non-destructive evaluation
and materials characterization.
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Chapter 7

Embedded Ultrasonic NDE with
Piezoelectric Wafer Active Sensors

7.1. Introduction to piezoelectric wafer active sensors
Piezoelectric wafer active sensors (PWAS) are inexpensive low profile
transducers that operate on the piezoelectric principle. Initially, PWAS were used
for vibrations control, as pioneered by [CRA 87] and [FUL 90]. The use of PWAS
for structural health monitoring and non-destructive evaluation has followed three
main paths: (a) modal analysis and transfer function, (b) wave propagation and (c)
electromechanical impedance. The use of PWAS for damage detection with Lamb
wave propagation was pioneered by Chang et al. [CHA 95], [WAN 00], [IHN 02].
They have studied the use of PWAS for the generation and reception of elastic
waves in composite materials. Passive reception of elastic waves was used for
impact detection. Pitch-catch transmission-reception of low frequency Lamb waves
was used for damage detection. PWAS wave propagation methods were also studied
in [CUL 98], [LIN 01], [DUP 00], [OSM 00], [DIA 02]. The use of PWAS for highfrequency local modal sensing with the electromechanical impedance method was
pursued by [LIA 94], [PAR 01], and others. The author and his collaborators have
pursued the PWAS technology along both the electromechanical impedance [GIU
02c] and the wave propagation paths [GIU 02a], [GIU 03a, b].
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PWAS couple the electrical and mechanical effects (mechanical strain, Sij,
mechanical stress, Tkl, electrical field, Ek and electrical displacement Dj) through the
tensorial piezoelectric constitutive equations [IEE 87]:
E
Sij = sijkl
Tkl + d kij Ek

(7.1)

D j = d jkl Tkl + ε Tjk Ek

E
where sijkl
is the mechanical compliance of the material measured at zero electric
field (E = 0), ε Tjk is the dielectric permittivity measured at zero mechanical stress
(T = 0) and dkij represents the piezoelectric coupling effect. As apparent in Figure
7.1, PWAS are small and unobtrusive. PWAS utilize the d31 coupling between inplane strain and transverse electric field. A 7 mm diameter PWAS, 0.2 mm thin,
weighs a bare 78 mg. At less than $10 each, PWAS are no more expensive than
conventional high-quality resistance strain gages. However, the PWAS performance
exceeds by far that of conventional resistance strain gages. This is especially
apparent in high-frequency applications at hundreds of kHz and beyond. As shown
below, PWAS can be used in several ways.

(a)

PW AS

(b)
Figure 7.1. PWAS mounted on various structures: (a) array of 7 mm square PWAS
on an aircraft panel and (b) a PWAS pair on a turbine blade
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As a high-bandwidth strain sensor, the PWAS directly converts mechanical
energy into electrical energy. The conversion constant is linearly dependent on the
signal frequency. In the kHz range, signals of the order of hundreds of millivolts are
easily obtained. No conditioning amplifiers are needed; the PWAS can be directly
connected to a high-impedance measuring instrument, such as a digitizing
oscilloscope.
As a high-bandwidth strain exciter, the PWAS converts directly electrical
energy into mechanical energy. Thus, it can easily induce vibrations and waves in
the substrate material. It acts very well as an embedded generator of waves and
vibration. High-frequency waves and vibrations are easily excited with input signals
as low as 10 V. These dual sensing and excitation characteristics of PWAS justify
their name of “active sensors”.
As a resonator, PWAS undergo mechanical resonances under direct electrical
excitation. Thus, very precise frequency standards can be created with a simple setup consisting of the PWAS and the signal generator. The resonant frequencies
depend only on the wave speed (which is a material constant) and the geometric
dimensions. Precise frequency values can be obtained through precise machining of
the PWAS geometry.
As an embedded modal sensor, the PWAS is able to directly measure the highfrequency modal spectrum of a support structure. This is achieved with the
electromechanical impedance method, which reflects the mechanical impedance of
the support structure into the real part of the electromechanical impedance measured
at PWAS terminals. The high-frequency characteristics of this method, which has
been proven to operate at hundreds of kHz and beyond, cannot be achieved with
conventional modal measurement techniques. Thus, PWAS are the sensors of choice
for high-frequency modal measurement and analysis.
For non-destructive evaluation (NDE), PWAS can be used as both active and
passive probes:
– far-field damage detection using pulse-echo and pitch-catch methods;
– near-field damage detection using high-frequency impedance method;
– acoustic emission monitoring of crack initiation and growth;
– low-velocity impact detection.
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7.2. Guided wave ultrasonic NDE and damage identification
Current ultrasonic inspection of thin wall structures (e.g., aircraft shells, storage
tanks, large pipes, etc.) requires meticulous through-the-thickness C-scans over
large areas. One method to increase the efficiency of thin-wall structures ultrasonic
inspection is to utilize guided waves (e.g., Lamb waves) instead of the conventional
pressure waves. Guided waves offer the advantage of a large area coverage with a
minimum of installed sensors [KRA 98]. Guided Lamb waves propagate along the
mid-surface of thin wall plates and shallow shells and can travel at relatively large
distances with very little amplitude loss [VIK 67], [ROS 99]. Similarly, Rayleigh
guided waves travel at large distances over the surface of a solid object. Today’s
advanced ultrasonic techniques rely on the generation, propagation and detection of
Rayleigh, Lamb and Love waves in various structures.
One way of generating guided waves is with conventional ultrasonic transducers
and wedge couplers. This can be achieved by impinging the plate obliquely with a
tone burst from a relatively large ultrasonic transducer through a wedge coupler.
Snell’s law ensures mode conversion at the interface, hence a combination of
pressure and shear waves are simultaneously generated into the thin plate. The
imposition of the tractions-free boundary conditions at the plate surfaces results in
multiple reflections of these pressure and shear waves, which thus propagate along
the plate. The Lamb waves result as the constructive interference of pressure and
shear waves, as they propagate along the plate. Modification of the wedge angle and
excitation frequency enables the selective tuning of various Lamb wave modes
[ROS 99]. Trained personnel can find the angle of the wedge coupler, which
adequately trigger the mode conversion for a particular Lamb mode. Another
traditional method for selectively exciting Lamb waves is through a comb probe, in
which the comb pitch is matched with the half wavelength of the targeted Lamb
mode. Both the wedge and the comb probes are relatively large and expensive.
In recent years, a large number of papers have been published on the use of
Lamb waves for non-destructive evaluation and damage detection. [ROS 02]
pointed out that the improved inspection potential of guided Lamb waves over other
ultrasonic methods is due to their:
– variable mode structure and distributions;
– multi-mode character;
– sensitivity to different type of flaws;
– propagation for long distances;
– capability to follow curvature and reach hidden and/or buried parts.
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Guided Lamb waves have opened new opportunities for cost-effective detection
of damage in aircraft structures [DAL 01]. The use of Lamb waves to detect the
corrosion in aluminum structures using the pitch-catch method was explored by
Chahbaz et al. [CHA 99]. An A1 Lamb wave mode traveling through a corroded
zone ends up with a lower amplitude and longer time of flight than in a pristine
zone. Experiments were performed to detect corrosion around rivets and other
fasteners. The pitch-catch method was also used by [GRO 99] to assess the damage
progression in a riveted aircraft splice specimen during fatigue testing. The time of
flight changes were correlated with the appearance of microcracks and macrocracks
during fatigue testing. Alleyne et al. [ALL 01] detected corrosion in pipes using the
pulse-echo method with the mode conversion approach.
Guided Lamb waves have opened new opportunities for cost-effective detection of
damage in aircraft structures. [LIG 01] studied the detection of defects in thin steel
plates using ultrasonic guided Lamb waves and conventional ultrasonic equipment. De
Villa et al. [DEV 01] presented results of defect detection in thin plates using S0 Lamb
wave scanning. Conventional ultrasonic equipment consisting of wedge transmitter
and bubbler receiver mounted on a scanning arm was utilized. Signal processing
methods for the determination of the arrival times and of the flaw location were
explored. Flaw localization results for simulated cracks (notches) with various sizes
(from 2 to 3.5 inches) and different inclinations (from 0 to 45°) were presented. These
methods can be viewed as an extension of the acousto-ultrasonic methodology [DUK
88]. The inspection potential of ultrasonic guided waves for the detection of cracks,
delaminations, and disbonds with examples based on angle-probe ultrasonic
transducers has been outlined by [ROS 02].
These guided wave techniques are now being transitioned to embedded active
sensor applications. However, conventional Lamb wave probes (wedge and comb
transducers) are relatively too heavy and expensive to be considered for widespread
deployment on an aircraft structure as part of a structural health monitoring (SHM)
system. If conventional transducers were to be deployed in large numbers inside an
aerospace structure, the cost and weight penalties would be exorbitant. Therefore,
for structural health monitoring, a different type of Lamb wave transducer that is
smaller, lighter and cheaper than the conventional ultrasonic probes is required.
Such a transducer could be deployed into the structure as sensor arrays, which
would be permanently wired and interrogated at will. Thus, the opportunity for
embedded ultrasonic NDE is created.
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Figure 7.2. The typical Lamb wave structure of the S0 and A0 modes highlights
the conditions for optimal coupling between PWAS and Lamb waves

7.3. PWAS ultrasonic transducers
PWAS act as both Lamb wave exciters and Lamb wave detectors (Figure 7.2).
PWAS couple their in-plane motion with the Lamb waves’ particle motion on the
material surface. The in-plane PWAS motion is excited by the applied oscillatory
voltage through the d31 piezoelectric coupling. Optimum excitation and detection
happens when the PWAS length is an odd multiple of the half wavelength of
particular Lamb wave modes. The PWAS action as ultrasonic transducers is
fundamentally different from that of conventional ultrasonic transducers, which act
through surface tapping, applying vibrational pressure to the surface of the object.
PWAS, on the other hand, act through surface pinching and are strain coupled with
the object surface. This imparts to PWAS a much better efficiency in transmitting
and receiving ultrasonic Lamb and Rayleigh waves than conventional ultrasonic
transducers.
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PWAS are capable of geometric tuning through matching between their
characteristic direction and the half wavelength of the exited Lamb mode.
Rectangular shaped PWAS with high length-to-width ratio can generate
unidirectional Lamb waves through half wavelength tuning into the length direction.
Circular PWAS excite omnidirectional Lamb waves that propagate in circular wave
fronts. Unidirectional and omnidirectional Lamb wave propagation is illustrated in
Figure 7.3. Omnidirectional Lamb waves are also generated by square PWAS,
although their pattern is somehow irregular in the PWAS proximity. At far enough
distance, (r >> a), the wave front generated by square PWAS is practically identical
with that generated by circular PWAS.
The operation of PWAS ultrasonic transducers is fundamentally different from
that of conventional ultrasonic probes because:
– PWAS achieve Lamb wave excitation and sensing through surface “pinching”
(in-plane strains), while conventional ultrasonic probes excite through surface
“tapping” (normal stress);
– PWAS are strongly coupled with the structure and follow the structural
dynamics, while conventional ultrasonic probes are relatively free from the structure
and follow their own dynamics;
– PWAS ultrasonic transducers are non-resonant wide-band devices, while
conventional ultrasonic probes are narrow-band resonators.
PWAS

(a)

PWAS

2-D Surface

(b)
Figure 7.3. (a) Elastic waves generated by a PWAS in a 1-D structure and
(b) circular-crested Lamb waves generated by a PWAS in a 2-D structure

244

Advanced Ultrasonic Methods for Material and Structure Inspection

7.4. Shear layer interaction between PWAS and structure
The 1-D plane-strain analysis will be an extension of the shear-lag analysis of
piezoelectric wafer excitation of thin wall structures pioneered by Crawley and
deLuis [CRA 87] for static morphing and the quasi-static low frequency vibrations.
Crawley’s analysis assumes a shear-layer model of the adhesive and models the
structure as a superposition of axial and flexural deformation. In Crawley’s model,
the Bernoulli-Euler hypothesis was applied across the plate thickness, i.e., constant
displacement for axial motion and linear displacement strain for flexural motion.
Figure 7.4 shows a thin wall structure of thickness t = 2d and elastic modulus E,
which has a PWAS of thickness ta and elastic modulus Ea attached to its upper
surface through a bonding layer of thickness tb and shear modulus Gb. The PWAS
length is la = 2a . Upon application of an electric voltage V, the PWAS experiences
an induced strain ε ISA = d31V / ta . The induced strain is transmitted to the structure
through the bonding layer interfacial shear stress τ. Upon analysis, we obtain:
ua ( x ) =

α
α +ψ

⎛x ψ
sinh Γx ⎞
⎟ (PWAS displacement)
⎝ a α (Γa ) cosh Γa ⎠

ε ISA a ⎜ +

(7.2)

τ ( x) =

ta ψ
sinh Γx ⎞
⎛
Ea ε ISA ⎜ Γa
⎟ (Interfacial shear stress in bonding layer) (7.3)
Γa ⎠
a α +ψ
cosh
⎝

u ( x) =

⎛x
α
sinh Γx ⎞
ε ISA a ⎜ −
⎟ (Structural displacement at the surface) (7.4)
Γ
α +ψ
a
(
a
) cosh Γa ⎠
⎝

where ψ = ( Et ) /( Ea ta ) and α is a parameter that depends on the stress and strain
distribution across the thickness. These equations apply for |x| < a.

y=+d

ta
tb

PWAS

τ(x)

t

x

y=-d
-a

+a

Figure 7.4. Interaction between the PWAS and the structure
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Under static and low frequency dynamic conditions (i.e., uniform stress and
strain for the symmetric deformation, and linear stress and strain for anti-symmetric
deformation), elementary analysis yields α = 4. For Lamb wave modes, which have
complex stress and strain distributions across the thickness, the parameter α varies
from mode to mode.
The shear lag parameter Γ 2 =

Gb 1 α + ψ
controls the x-distribution. The
Ea ta tb ψ

higher the Γ, the more localized and intense the diffusion of stresses and strains
from the PWAS into the structure. Figure 7.5 presents simulation results on an
APC-850 PWAS (Ea = 63 GPa, ta = 0.2 mm, la = 7 mm, d31 = –175 mm/kV) bonded
to a thin-wall aluminum structure (E = 70 GPa, t = 1 mm). The applied voltage was
V = 10 V. The bonding layer had Gb = 2 GPa and its thickness was allowed to vary
from 1 µm to 100 µm. It is apparent that a relatively thick bonding layer produces a
slow transfer over the entire span of the PWAS (the “100 µm” curves in Figure 7.5),
whereas a thin bonding layer produces a very rapid transfer (the “1 µm” curves in
Figure 7.5). In this latter case, the shear stress seems to be confined to the PWAS
ends. This leads to the concept of ideal bonding (also know as the pin-force model),
in which all the load transfer takes place over an infinitesimal region at the PWAS
ends, i.e.:

⎧aτ 0 [δ ( x − a ) − δ ( x + a )], | x |< a
otherwise
⎩0,

τ ( x) = ⎨

(7.5)

interfacial shear, MPa

2

10 µm

1

100 µm
0

1 µm
1

2

1

0.8

0.6

0.4

0.2

0

0.2

0.4

0.6

0.8

1

normalized position
Figure 7.5. Variation of shear-lag transfer mechanism with bonded thickness
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7.5. Tuned excitation of Lamb modes with PWAS transducers

The excitation of Lamb waves with PWAS transducers is studied by considering
a uniform plate with a surface mounted PWAS. The PWAS is under harmonic
electric excitation V0 eiωt . The PWAS excite Lamb waves in the plate through the
surface stress τ ( x)eiωt acting on the upper surface of a plate, where:
⎧τ sinh(Γx),
τ ( x) = ⎨ 0
0,

⎩

| x |< a

(7.6)

otherwise

The origin of τ ( x) resides in the shear-lag adhesion stresses acting over the
(-a, +a) interval, as discussed in section 7.4. Applying a space-domain Fourier
transform analysis of the basic Lamb wave equations yields the strain wave and
displacement wave solutions at the plate upper surface as:

ε x ( x, t ) = −

∞
⎛ τ N S τ N A ⎞ i (ξ x −ωt )
1 1
dξ
+
⎜
⎟e
∫
2π 2µ −∞ ⎝ DS
DA ⎠

(7.7)

∞
1 1
1 ⎛ τ N S τ N A ⎞ i (ξ x −ωt )
u x ( x, t ) = −
dξ
∫ ξ ⎜⎝ DS + DA ⎟⎠ e
2π 2µ −∞

where τ is the space-domain Fourier transform of τa(x), p 2 = (ω / cL ) − ξ 2 ,
2
q 2 = (ω / cT ) − ξ 2 , while cL2 = (λ + 2 µ ) / ρ and cT2 = µ / ρ are the longitudinal
(pressure) and transverse (shear) wave speeds, λ and µ are Lame constants, ρ is the
mass density, and:
2

N S = ξ q (ξ 2 + q 2 ) cos ph cos qh
DS = (ξ 2 − q 2 ) 2 cos ph sin qh + 4ξ 2 pq sin ph cos qh
N A = ξ q(ξ 2 + q 2 ) sin ph sin qh

(7.8)

DA = (ξ 2 − q 2 ) 2 sin ph cos qh + 4ξ 2 pq cos ph sin qh

Note that p and q depend on ξ, thus increasing the problem complexity. The
integral in equation (7.7) is singular at the roots of DS and DA. The equations DS = 0
and DA = 0 are exactly the Rayleigh-Lamb characteristic equations for symmetric
and anti-symmetric motions accepting the simple roots:

ξ0S , ξ1S , ξ 2S ,...

ξ0A , ξ1A , ξ 2A ,...

(7.9)
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corresponding to the symmetric (S) and anti-symmetric (A) Lamb waveguide
modes, respectively. The evaluation of the integral in equation (7.7) is done by the
residue theorem, using a contour consisting of a semicircle in the upper half of the
complex ξ plane and the real axis.
For ideal bonding between the PWAS and the plate, the shear stress in the
bonding layer and the corresponding space-domain Fourier transform are:

τ ( x) = aτ 0 [δ ( x − a ) − δ ( x + a ) ] ,

τ = aτ 0 [ −2i sin ξ a ]

(7.10)

Hence, the strain wave solution becomes:

ε x ( x , t ) = −i

S
A
⎤
aτ 0 ⎡
S N S (ξ ) i (ξ S x −ω t )
A N A (ξ ) i (ξ A x −ω t )
+
e
sin
ξ
a
e
⎢ ∑ sin ξ a
⎥ (7.11)
∑
S
A
µ ⎢⎣ ξ S
DS′ (ξ )
DA′ (ξ )
⎥⎦
ξA

Similarly, the displacement wave solution is obtained as:
u x ( x, t ) = −

aτ 0 ⎡ sin ξ S a N S (ξ S ) i (ξ S x −ωt )
sin ξ A a N A (ξ A ) i (ξ A x −ωt ) ⎤
+∑
e
e
⎢∑
⎥ (7.12)
S
S
µ ⎣⎢ ξ S ξ
DS′ (ξ )
ξ A DA′ (ξ A )
ξA
⎦⎥

A plot of these equations up to 1,000 kHz is presented in Figure 7.6. Equations
(7.11) and (7.12) contain the sin ξ a behavior that displays maxima when the PWAS
length la = 2a equals an odd multiple of the half wavelength and minima when it
equals an even multiple of the half wavelength. A complex pattern of such maxima
and minima emerges since several Lamb modes, each with its own different
wavelength, coexist at the same time. Figure 7.6 shows the remarkable fact that, at
300 kHz, the amplitude of the A0 mode goes through zero, while that of the S0 is
close to its peak. This represents an excitation “sweet spot” for S0 Lamb waves.
Experimental results confirming this prediction are presented in Figure 7.6(b).

Advanced Ultrasonic Methods for Material and Structure Inspection
10
9
8
7
Volts (mV)

248

6
5
4
3
2
1

A0

S0

0
0

50 100 150 200 250 300 350 400 450 500 550 600 650 700
Freq (KHz)

a)

b)
Figure 7.6. Lamb wave tuning using a 7 mm square PWAS placed on
1.07 mm 2024-T3 aluminum alloy plate: (a) experimental results and
(b) prediction for 6.4 mm effective PWAS length [BOT 05]
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This proves that frequencies can be found for which the response is dominated
by certain preferentially excited modes. This is wavelength-based mode tuning.
Another factor that must be considered in Lamb wave tuning under PWAS
excitation is the mode amplitude at the plate surface. This factor is contained in the
values taken for each mode by the function N / D′ . Hence, it is conceivable that, at
a given frequency, some higher modes may have less surface amplitudes, while
other may have larger surface amplitudes. Thus, two important factors have been
identified for the design of PWAS-based Lamb wave embedded NDE for structural
health monitoring:
– the variation of | sin ξ a | with frequency for each Lamb wave mode;
– the variation of the surface strain with frequency for each Lamb wave mode.
Equations (7.11) and (7.12) can be viewed as a superposition of waveguide
Lamb modes. In this case, the contribution of each mode in these equations can be
expressed in the general form:
Aξ ( x, t ) = G ⋅ Eξ ⋅ F ⋅ ei (ξ x −ω t )

(7.13)

where G is a numerical factor representing the PWAS transducer power transmitted
to the structure, Eξ is the excitability function of mode ξ and F is the Fourier
transform of the excitation.
7.6. PWAS phased arrays

By using Lamb waves in a thin wall structure, one can detect the existences and
positions of cracks, corrosions, delaminations and other damage [GIU 03]. Because
of the physical, mechanical and piezoelectric properties of PWAS transducers, they
act as both transmitters and receivers of Lamb waves traveling in the plate. Upon
excitation with an electric signal, the PWAS generate Lamb waves into a thin wall
structure. The generated Lamb waves travel into the structure and are reflected or
diffracted by the structural boundaries, discontinuities and damage. The reflected or
diffracted waves arrive back at the PWAS where they are transformed into electric
signals.
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9-element PWAS array

HP-33120A
signal
generator

TDS-210 digital
oscilloscope

Data
acquisition
PC

Aluminum
plate specimen

Figure 7.7. Specimen, PWAS array and instrumentation used for
the PWAS phased array crack detection experiment [GIU 02]
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Table 7.1. M × M matrix of elemental signals generated
in a round robin fashion in the PWAS phase array

Of particular interest is the phased array implementation of this concept. The
wave pattern generated by the phased array is the result of the superposition of the
waves generated by each individual element. By sequentially firing the individual
elements of an array at slightly different times, the ultrasonic wave front can be
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focused or steered in a specific direction. Thus, one can achieve electronic sweeping
and/or refocusing of the beam without physical manipulation of the transducers. We
proved that inspection of a wide zone is possible with PWAS phased arrays by
creating a sweeping beam of ultrasonic Lamb waves that covered the whole plate.
Once the beam steering and focusing was established, the detection of crack was
done with the pulse-echo method.
The phase array application of the PWAS technology is called the embedded
ultrasonics structural radar (EUSR). The EUSR principles and initial results were
reported extensively in [GIU 02]. They developed a PWAS phased array technology
for thin wall structures (e.g., aircraft shells, storage tanks, large pipes, etc.) that uses
Lamb waves to cover a large surface area through beam steering from a central
location. This idea is illustrated in Figure 7.7, which presents a 1.2 m square
aluminum plate instrumented with a number M = 9 of PWAS transducers arranged
in a linear phased array. The PWAS phased array is used to image the upper half of
the plate and to detect structural damage using the EUSR PWAS phased array
concepts. In order to implement the phased array principle, an M × M matrix of
elemental signals [pij(t)] is collected (Table 7.1). The elemental signals are obtained
by performing excitation of one PWAS and detection on all the PWAS, in a round
robin fashion. After the M2, elemental signals are collected and stored in the
computer memory, the phased array principle is applied in virtual time using the
EUSR algorithm. In brief, this algorithm applies the “delay and sum” phased array
principles on the matrix of M2 elemental signals using the formula [GIU 06]:
sR (t ; φ0 ) =
=

M −1 M −1

∑ ∑ pij ( t − δ i (φ0 ) − δ j (φ0 ) )
i = 0 j =1

M −1 M −1

∑ ∑ pij ( t − i ⋅ ∆0 (φ0 ) − j ⋅ ∆0 (φ0 ) )

(7.14)

i = 0 j =1

or
sR (t ; φ0 ) =

M −1 M −1

∑ ∑ pij ( t − (i + j ) ⋅ ∆0 (φ0 ) )

(7.15)

i = 0 j =1

where φ0 is the steering beam direction and:
∆ 0 (φ0 ) =

d
cos φ0
c

(7.16)

is the time delay between two adjacent PWAS transducers. The other quantities in
equation (7.16) are the array pitch d and the wave speed c.
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A LabVIEW program was constructed in order to implement the EUSR concept
and the associated algorithm, as described in [GIU 06]. The elemental signals of Table
7.1 are processed using the phased array beam forming formulae in terms of a variable
azimuthal angle θ. The azimuthal angle θ is then allowed to vary in the range 0o to
180o. Thus, a sweep of the complete half plane is attained. At each azimuthal angle, an
A-scan of the Lamb wave beam signal is obtained. If the beam encounters damage,
reflection/diffraction from the damage will show as an echo in the A-scan.

Crack image

Crack echo

Figure 7.8. Results for the broadside crack: EUSR-GUI showing the A-scan with the crack
echo (lower pane) and the crack image as displayed in the upper left corner [GIU 02b]

For example, if the damage induced in the experiment shown in Figure 7.7 is a
narrow slit simulating a through-the-thickness crack, then a clear echo from the
crack will be recorded. During proof-of-concept experiments, the EUSR
methodology was used to detect broadside and offside cracks: (i) a 19 mm broadside
crack was placed at R = 305 mm from the array in the φ = 90° direction and (ii) a
19 mm offside crack was placed at R = 409 mm from the array in the φ = 136°
direction. The results of these proof-of-concept demonstrations are shown in Figures
7.8 and 7.9.
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The results for the broadside crack detection are presented in Figure 7.8. The
front panel of the embedded ultrasonic structural radar graphical user interface
(EUSR-GUI) is shown. The lower panel of Figure 7.8 indicates the A-scan signal
reconstructed for the scanning beam azimuthal angle φ0 selected by the turn knob
shown in the upper left corner. The reconstructed A-scan corresponds to the
azimuthal position marked by the turn knob shown in the left upper part of the GUI.
The A-scan shown in Figure 7.8 indicates clearly the crack echo because the
scanning beam is oriented at 90°. Manual sweep can be performed with the turn
knob. However, an automatic azimuthal sweep is performed by the EUSR program
in order to generate the structural image shown in the right upper pane. The
azimuthal juxtaposition of all the A-scan signals created an image of the half plane,
as shown in the upper right hand part of Figure 7.8. In this reconstructed image, the
presence of the crack is clearly indicated and the damage is clearly indicated as the
darker area. Using the wave speed value c = 5.440 mm/µs, the time domain signals
are mapped into the space domain. A measuring grid is superposed on the
reconstructed image to find the geometric position of the damage. Thus, the exact
location of the damage can be directly read from the measuring grid.

Figure 7.9. Results for the offside crack
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The results of the latter case (offside crack) are presented in Figure 7.9. This
case is more challenging because the ultrasonic beam is not reflected back to the
source but rather deflected sideways. Hence, the echo received from the offside
crack is merely the backscatter signal generated at the crack tips. Figure 7.9 displays
the offside signals. In Figure 7.9, the lower pane show the signal reconstructed at
the beam angle φ0 = 136° corresponding to the crack location.

(a)

(b)
Figure 7.10. Detection of two cracks symmetrically placed offside
of the PWAS phased array: (a) schematic and (b) EUSR image

The EUSR steering beam method based on PWAS phased arrays has been
refined in order to increase its power of detection for various structural defects [YU
05]. Figure 7.10 shows the simultaneous detection of two cracks, which were placed
symmetrically offside the PWAS phased array. Another concern was related to the
probability of detection (POD) with this method. In an initial investigation,
experiments were conducted to determine the smallest damage that the EUSR
method could detect [YU 05]. It was found that a pinhole as small as 1.57 mm can
be detected directly and shown relatively easily (Figure 7.11).
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(b)
Figure 7.11. EUSR detection of pinholes: (a) schematic of the experimental specimen and
(b) EUSR-GUI mapped image of the minimum detectable pinhole with 1.57 mm diameter

7.7. Electromechanical impedance method for damage identification

The mechanical impedance method is a damage detection technique
complementary to the wave propagation techniques. The principles of the E/M
impedance technique are illustrated in Figure 7.12. Through the mechanical
coupling between the PWAS and the host structure on the one hand, and through the
E/M transduction inside the PWAS on the other hand, the drive-point structural
impedance is reflected directly in the electrical impedance Z(ω) at the active sensor
terminals:
⎞⎤
1 ⎡
1
2 ⎛
Z=
⎢1 − κ 31 ⎜1 −
⎟⎥
iω ⋅C ⎣
⎝ ϕ (ω ) cot ϕ (ω ) + χ (ω ) ⎠ ⎦

−1

(7.17)
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where C is the zero-load complex capacitance of the PWAS and κ13 is the complex
electromechanical cross coupling coefficient of the PWAS ( κ 31 = d13 / s11ε 33 ). The
parameter χ (ω ) is the mechanical impedance ratio, i.e., χ (ω ) = Z str (ω ) / Z PWAS (ω ) ,
where Z PWAS (ω ) is the mechanical impedance of the PWAS. The drive-point
impedance Z str (ω ) presented by the structure to the active sensor can be expressed
as the frequency-dependent variable Z str (ω ) = ke (ω ) / iω − iω ⋅ me (ω ) + ce (ω ) . For
multiple degree-of-freedom systems, the structural stiffness, mass and damping
parameters entering into the Z str (ω ) expression vary with frequency. (The exact
expression of Z str (ω ) could be derived analytically through modal expansion or
alternatively, it could be measured experimentally.)

F(t)

v(t ) =V sin(ωt )

me(ω)

PWAS

u(t )

i(t ) = I sin(ωt +φ)

ke(ω)
ce(ω)

Figure 7.12. Electromechanical coupling between
piezoelectric active sensor and structure

The term ϕ (ω ) cot ϕ (ω ) reflects the resonant behavior of the PWAS itself. By
1ω
la , where c is the complex sound speed in the PWAS and la is
2c
the PWAS length. If the PWAS resonant frequencies are well above the structural
frequencies, the two dynamic behaviors could be considered decoupled and
equation (7.17) simplifies to the quasi-static1 form:

definition ϕ =

−1

⎡
⎛
χ (ω ) ⎞ ⎤
Z (ω ) = ⎢iωC ⎜ 1 − κ 312
⎟⎥ ,
1+ χ (ω ) ⎠ ⎦
⎝
⎣

(7.18)

Equation (7.18) indicates more clearly how the mechanical impedance ratio
influences the E/M impedance Z (ω ) through the action of the
electromechanical coupling coefficient κ 312 . During a frequency sweep, the real part
of the E/M impedance Z(ω) follows the up and down variation as the structural
impedance as it goes through the peaks and valleys of the structural resonances and
anti-resonances [GIU 02c]. The E/M impedance method is used by scanning a
predetermined frequency range in the high kHz band and recording the complex

χ (ω )

1 “Quasi-static” from the view point of the PWAS, not of the structure.
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impedance spectrum. By comparing the real part of the impedance spectra taken at
various times during the service life of a structure, meaningful information can be
extracted, pertinent to structural degradation and the appearance of incipient
damage. On the other hand, analysis of the impedance spectrum supplies important
information about the sensor integrity. The frequency range used in the E/M
impedance method must be high enough for the signal wavelength to be
significantly smaller than the defect size. From this point of view, the highfrequency E/M impedance method differs organically from the low-frequency
modal analysis approaches.
A series of experiments on thin-gage circular plates were conducted in order to
validate and calibrate the E/M impedance technique [GIU 02c]. 25 aluminum plate
specimens (100 mm diameter, 1.6 mm thick) were constructed from aircraft-grade
aluminum stock. Each plate was instrumented with one 7 mm diameter PWAS
placed at its center (Figure 7.13(a)). Damage detection experiments were conducted
over three frequency bands: 10-40 kHz; 10-150 kHz and 300-450 kHz. The data
was process by analyzing the real part of the E/M impedance spectrum. A damage
metric was sought in order to quantify the difference between two spectra, “pristine”
and “damaged”. Figure 7.13(b) indicates that the presence of the crack modifies the
pointwise E/M impedance spectrum. Resonant frequency shifts and the appearance
of new resonances are noticed. The closer the crack is to the sensor, the more
profound these changes.
Several damage metrics were tried. These damage metrics fall into two large
categories:
– overall statistics damage metrics;
– neural network damage metrics.
The following overall statistics damage metrics were considered in our analysis:
root mean square deviation (RMSD), mean absolute percentage deviation (MAPD),
covariance change (CC) and correlation coefficient deviation R (CCD). The
(1 – R2)7 damage metric applied to the 300-450 kHz band was found to decrease
almost linearly with the distance between the crack and the sensor. However, in
order to obtain consistent results in general situations, the proper frequency band
(usually in high kHz) and the appropriate damage metric must be used.
The neural networks approach to spectral damage metric was used in two steps.
First, the spectral features were extracted so as to reduce the problem of
dimensionality from the 400 points used in the spectrum to just a few mechanical
resonance features. This approach was used in the 10-40 kHz band. Feature vectors
of size 4, 6 and 11 were used. Severe damage was detected easily, even with a small
feature vector size. However, the slight damage required a feature vector of at least
size 6 in order to attain consistent damage detection.
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Figure 7.13. (a) 100 mm diameter thin disc with a 7 mm PWAS at its center and
(b) dependence of the E/M impedance spectra on the damage location

7.8. Damage identification in aging aircraft panels

Realistic aircraft panels with structural details typical of metallic aircraft
structures (rivets, splices, stiffeners, etc.) were also tested with the E/M impedance
technique. The specimens were made of 1 mm (0.040”) thick 2024-T3 Al-clad sheet
assembled with 4.2 mm (0.166”) diameter countersunk rivets (Figure 7.14). Two
specimens were considered: Panel 0 and Panel 1. Panel 0 had two identical
structural regions featuring a hidden stiffener held in place with two rows of rivets.
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Panel 1 had the same structural regions, only that it had, in addition, a 12.7 mm
(0.5”) simulated crack originating from the first rivet hole of the lower region.
The panels were instrumented with eight PWAS, four on each panel. Based on the
sensor distance from the crack location, we defined medium-field (at ~100 mm from
the crack) and near-field (at ~10 mm from the crack). On each panel, two sensors were
placed in the medium-field (100 mm from the crack location), and two in the crack
near-field (10 mm from the crack location). It was anticipated that sensors placed in a
similar configuration with respect to structural details (rivets, stiffeners, etc.) would
give similar E/M impedance spectra. It was also anticipated that the presence of the
simulated crack would only change the readings of the sensors in the affected region
and leave the other readings the same. According to Figure 7.14, sensors S1, S2, S3
are all in pristine medium-field locations and should give similar readings. Similarly,
sensors S5, S6, S7 are in pristine near-field locations and, again, should give similar
readings. Sensor S4 is in the medium-field of the damage; it should give different
readings than sensors S1, S2, S3. Similarly, sensor S8 is in the near-field of the
damage; it should give different reading than sensors S5, S6, S7.
The high-frequency E/M impedance spectrum was collected for each sensor in
the 200-550 kHz band, which shows a high density of resonance peaks. During the
experiment, both aircraft panels were placed on foam to simulate free boundary
conditions. The data was collected with the HP 4194A impedance analyzer and then
loaded into the PC through the GPIB interface.
7.8.1. Classification of crack damage in the PWAS near-field

The near-field PWAS were S5, S6, S7, S8. Of these, S5, S6, S7 were in
“pristine” situations, while S8 was in a “damaged” situation. Figure 7.15(a) shows
the superposition of the spectra obtained from these sensors. Examination of these
spectra reveals that sensor S8, placed next to the crack, has two distinct features that
make it different from the other three spectra: (a) a higher-density of peaks and (b)
an elevated dereverberated response in the 400-450 kHz range. On the other hand,
the spectra of sensors S5, S6, S7 do not show significant differences among
themselves. To quantify these observations, we used two methods:
– overall statistics metrics of the dereverberated response (DR);
– probabilistic neural networks (PNN).
Figure 7.15(b) shows the DR curves extracted from Figure 7.15(a) spectra. It is
clear that the three DRs for the “pristine” scenario (S5, S6, S7) are very similar. In
contrast, the DR for the “damaged” scenario, S8, is clearly different. We used the
overall-statistics damage metrics RMSD, MAPD, CCD to quantify the differences
between the DR curves. The results of this analysis are presented graphically in Figure
7.15(c). It is apparent that the CCD metric has the stronger detection capability.
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Figure 7.14. Schematics of the aging aircraft panel specimens and PWAS configuration:
(a) panel 0, sensors S1, S2, S5, S6 and (b) panel 1, sensors S3, S4, S7, S8

7.8.2. Classification of crack damage in the PWAS medium-field

The medium-field PWAS were S1, S2, S3, S4. Of these, S1, S2, S3 were in
“pristine” situations, while S4 was in a “damaged” situation. The E/M impedance
spectra for these sensors are presented in Figure 7.16. It is apparent that the spectra
for S1, S2, S3 are consistently similar, while that for S4 is different. The S4
spectrum displays higher amplitudes of some of the spectral resonances in
comparison with the spectra for S1, S2, S3. It also has new peaks. However, the
changes due to damage in the medium-field are much slighter than the changes
observed in the near-field. No change in the dereverberated response could be
observed.
The use of overall statistics damage metrics on the near-field spectra failed to
give conclusive classification results. The reason for this situation is that the spectra
dereverberated response is not significantly affected by medium-field damage. To
achieve classification of the medium-field spectra we used the PNN approach. First,
a features extraction algorithm based on a search window and amplitude thresholds
was applied. The 48 extracted features are shown graphically in Figure 7.16(b) and
(c). Then, the PNN algorithm was used to achieve the actual classification.
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Figure 7.15. PWAS E/M impedance near-field damage detection: (a) superposed raw
spectra, (b) dereverberated response and (c) overall statistics damage metrics
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Figure 7.16. Medium-field damage detection experiment with PWAS E/M impedance: (a)
superposed raw spectra, (b) sensor S1 – “pristine” spectrum and (c) sensor S4 – “damaged”
spectrum (the circled crosses represent the results of the feature extraction algorithm)
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The resonance peaks picked by the feature extraction algorithm are marked with
a cross in the data point. It can be seen that the resonance frequencies for the
“pristine” and “damaged” scenarios are different. For example, the “pristine”
scenario features several peaks above 500 kHz, while the “damaged” scenario does
not show any peaks in this bandwidth. Because of this process, we were able to
construct four feature vectors, each 48 long, which served as inputs to the PNN. Of
these, three vectors represented “pristine” condition (S1, S2, S3), while the fourth
vector represented a “damaged” condition (S4).
The PNN was designed to classify data into two classes: “pristine” and
“damaged”. Since we had three “pristine” input vectors and one “damaged” input
vector, we used one of three “pristine” input vectors for training, and the other three
vectors (two “pristine” and one “damaged”) for validation. (No training was feasible
for the “damaged” scenario.) This created a dichotomous situation, in which the
PNN would recognize data when it belonged to the “pristine” class and would reject
it when it did not belong to the “pristine” class. The PNN was able to correctly
classify data into the correspondent classes regardless of the choice of training
vector for the “pristine” class. After successfully using the PNN method to detect
damage in the medium-field, we also used it for damage classification in the nearfield. We concluded that the aging aircraft classification problems for both mediumfield and near-field can be successfully addressed with the PNN algorithm.
It is worth making an additional note regarding the localization property of the
E/M impedance method. Panel 1 had several other simulated cracks besides those
discussed here. However, these cracks were away from the PWAS and therefore
outside their sensing range. For this reason, these other cracks did not noticeably
influence the sensors readings. The localization property of the E/M impedance
method is important for finding the approximate location of the damage on the
structure.
7.8.2.1. Impact detection with piezoelectric wafer active sensors
Impact detection with piezoelectric wafer active sensors in composite materials
was successfully demonstrated in [WAN 00], [DUP 00] and other works. In our
experiments, the array of piezoelectric wafer active sensors was also used to detect
low-velocity foreign object impact on metallic aircraft-grade aluminum plates. In
our experiments, we used a small steel ball (0.16 g) dropped from a height of 50
mm. Figure 7.17(b) presents the signals recorded on sensors #1, #5, #7, #9. The
corresponding signal time of flight (TOF) values are t1 = 0.1070 ms, t5 = 0.1560 ms,
t7 = –0.0312 ms, t9 = 0.1800 ms, relative to the oscilloscope trigger.
The distance and TOF data can be used to detect the impact position given in
Table 7.2. Assuming the unknown impact position is (x, y), the following set of
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simultaneous non-linear equations represent the correlation between distance, group
velocity and TOF:

( xi − x ) + ( yi − y )
2

2

2

= ⎡⎣ c ( ti + t0 ) ⎤⎦ ,

i = 1,…, 4

(7.19)
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Figure 7.17. Impact detection (ID) experiments: (a) location of impact and sensors and
(b) captured ID signals with arbitrary time origin due to oscilloscope trigger.
The ID event was a 0.16 g steel ball dropped from a 50 mm height;
the locations of the sensors and of the event are given in Table 7.2

These equations represent a set of four non-linear equations with four unknowns,
which can be solved using error minimization routines. The unknowns are the
impact location (x, y), the wave speed c and the trigger delay t0. In our studies, we
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tried two solution methods: (a) global error minimization and (b) individual error
minimization. It was found that individual error minimization gave marginally better
results, while the global error minimization was more robust with respect to initial
guess values. The impact location determined by these calculations was
ximpact = 402.5 mm, yimpact = 188.4 mm. These values are within 0.6% and 5.3%,
respectively, of the actual impact location (400 mm and 200 mm).
A discussion of this method should address two important issues: (a) the correct
estimation of the arrival time and (b) the dispersive nature of the Lamb waves.
Parametric studies have revealed that the impact localization error is very
susceptible to the arrival time estimates ti. This is mainly due to the difficulty of
estimating the wave arrival times, especially when a slow rise transition is present
(see sensors #5 and #9 in Figure 7.17(b)). This aspect is clearly due to the dispersive
nature of the Lamb waves excited by the impact event. Since the impact is a rather
broadband event (i.e., it excites range frequencies rather than a single frequency),
the wave packet generated by the impact contains several frequency components,
which travel at different wave speeds. Hence, the wave packet generated by the
impact disperses rather quickly (compare #7 with, say, #9). For example, the signal
from sensor #7 (which is close to the even) seems to form a compact package, while
the signals from sensors #5 and #9 (which are farther from the impact) are much
more dispersed. These difficulties may account for the estimation errors mentioned
above.
To alleviate these difficulties, it seems intuitive that a different TOF criterion,
e.g., the energy peak arrival time could be used. The energy peak arrival criterion
has been applied with good results to non-dispersive waves. However, the waves
recorded in this example here are dispersive, hence the application of the energy
peak criterion would require more work. Further research is being conducted on
addressing this dispersion issue through the application of component filtering using
the continuous wavelet transform method.
Sensor
#1
#5
#7
#9
AE/ID event

x
100
100
450
800
400

Distance (mm)
y
r
100
316
400
361
250
71
100
412
200
0

TOF for ID (micro-sec.)
Raw
Adjusted
126
202
160
236
–27
49
185
261
N/A
N/A

Table 7.2. Position of sensors (x, y) and their radial distance, r, from the AE and ID events.
(The TOF was adjusted by 76.4 micro-sec. to account for oscilloscope trigger effects)
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These experiments have proven that PWAS are capable of detecting lowvelocity impact signals. The high sensitivity of these sensors is remarkable since
signals of up to ±1.5 V were directly recorded without the need for any signal
conditioning/pre-amplifiers. It was also shown how data processing algorithms
could determine the impact location with reasonable accuracy.
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Figure 7.18. PWAS captured AE signals from a simulated AE event
(coordinate locations are given in Table 7.2)

7.8.2.2. Acoustic emission detection with piezoelectric wafer active sensors
Historically, acoustic emission signals have been captured with special purpose
acoustic emission sensors [IKE 01], [MAL 01], [DZE 01], which are costly and
obtrusive. [DUP 00] studied the possibility of using embedded piezoelectric wafer
sensors to detect acoustic emission signals in composite materials. To illustrate the
capability of piezoelectric wafer active sensors to detect acoustic emission signals in
metallic materials, we performed detection experiments on the rectangular plate
specimen, which was already instrumented with an array of PWAS. AE events were
simulated at the location P, xP = 400 mm, yP = 200 mm (Figure 7.17(a)). Table 7.2
shows the location of the sensors and their radial distance from the AE event.
Consistent with other investigators, (e.g. [DZE 01]), the acoustic emission events
were simulated by pencil lead breaks on the specimen surface (0.5 mm HB leads).
The simulated acoustic emission signals captured at sensors #1, #5, #7, #9 are
shown in Figure 7.18 (for display, the signals were spaced up by vertical shifts). The
signal on sensor #7, the closest to the AE source (r7 = 71 mm), is the strongest. This
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signal displays both high-frequency and low-frequency components, corresponding
to S0 (axial) and A0 (flexural) waves, respectively. The flexural (A0) waves display
much higher amplitudes than the axial (S0) waves, though their travel speed is
slower. The signals received at the other sensors display similar trends, though of
lower amplitudes, due to their greater distance from the AE source. These
experiments have proven that the piezoelectric wafer active sensors are capable of
detecting AE signals. The high sensitivity of these sensors is remarkable since
signals of up to ± 0.5 V were directly recorded without the need for any signal
conditioning/pre-amplifiers.
Rail with 5 PZT wafer active sensors
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Figure 7.19. Transmission and reception of surface-guided Rayleigh wave with PWAS in a
rail track specimen: (a) rail track specimen with 5 active sensors and lab instrumentation,
(b) details of one sensor installation, (c) surface-guided Rayleigh waves received at 200 mm
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(sensor 1) and 365 mm (sensor 2) and (d) plot of distance vs. time

7.9. PWAS Rayleigh waves NDE in rail tracks

In order to test the feasibility of transmitting and receiving Rayleigh waves with
PWAS technology in massive structures, we conducted a small-scale demonstration
experiment on a rail track specimen (Figure 7.19). A 5 ft piece of rail was
instrumented with 5 PWAS. Each PWAS consisted of a 7 mm square piezoelectric
wafer (0.2 mm thin) affixed to the rail surface. Ultrasonic waves in the 300 kHz
band were generated at one end of the rail specimen and received at the other end, as
well as at intermediate locations. Figure 7.19(c) shows the waves transmitted from
one sensor and received at other two sensors. These waves are surface-guided waves
(Rayleigh waves) and can travel a long distance in the rail with very little
attenuation. Figure 7.19(c) indicates that the TOF is directly proportional to the
distance. Rayleigh wave speed can be predicted with the expression
cR = G / ρ ( 0.87 + 1.12ν ) /(1 + ν ) , where G is the shear modulus of the material and
ρ the specific mass. For carbon steels, cR = 2.9 km/s. Figure 7.19(d) shows the plot
of distance versus time predicted by this formula, and the two experimental points
corresponding to sensors 1 and 2. The correlation between theory and experiment is
very good, which gives confidence in our proposed concept. If cracks were present,
reflections would be received. When corrosion is present, the wave speed changes.
The detection of cracks will be examined under the proposed effort.
The PWAS Rayleigh wave concept is completely non-intrusive, since the
ultrasonic guided waves are generated with surface mounted transducers that can be
retrofitted to existing rails without any disruption to the rail traffic. In contrast,
conventional axial-waves ultrasonic transducers would have to be incorporated into
the rail, which is not feasible. The proposed concept is robust, since the ultra-thin
piezoelectric wafers present a very low profile and can be easily protected. In
contrast, conventional ultrasonic surface wave transducers are bulky and obtrusive,
since they require an intermediate coupling wedge to attain axial-to-surface mode
conversion. The proposed concept is inexpensive, since the PWAS transducers
currently cost around $7, while conventional ultrasonic transducers cost hundreds of
dollars.
7.10. Conclusion

This chapter has presented the use of PWAS for embedded ultrasonic NDE.
Recent trends in guided wave ultrasonic NDE and damage identification were
briefly reviewed. Opportunities for the PWAS sensors as embedded transmitters and
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receivers of guided Lamb and Rayleigh waves were identified. The PWAS were
briefly described along with their principle of operation. The interaction between
PWAS and ultrasonic Lamb waves was modeled and analyzed. Excitation “sweet
spots” for preferentially exciting certain Lamb wave modes were identified. Then,
the use of PWAS for embedded pulse-echo detection of structural cracks was
exemplified. PWAS phased arrays were used in conjunction with the EUSR
algorithm to create scanning Lamb wave beams for large area interrogation. For
local area interrogation, the use of PWAS in conjunction with the E/M impedance
method was discussed in the context of a standing wave NDE technique. Examples
of local area crack detection in circular plates and aircraft panels were provided.
Spectral classification methods based on overall statistics and neural networks were
discussed. Passive PWAS usage for acoustic emission and impact detection was
presented. The use of PWAS for Rayleigh wave ultrasonics was also illustrated.
Since the embedded ultrasonic NDE with piezoelectric wafer active sensors is
intended for structural health monitoring, an approximate location of the damage
would be sufficient as a first alert. Once structural damage was identified in a
certain area, further examination of the exact damage location and of its severity
would be the object of detailed NDE investigations. These detailed NDE
investigations would be initiated once the vehicle was pulled out of service due to
structural health deficiency, as signaled by the structural health monitoring
equipment. Thus, the PWAS technology offers the necessary combination between
low cost and lightweight, on the one hand, and ultrasonic detection capabilities, on
the other hand, to allow large area deployment in a whole structure. The PWAS are
the enabling technology for the implementation of large area of structural health
monitoring and embedded NDE concepts.
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Chapter 8

Mechanics Aspects of Non-linear Acoustic
Signal Modulation due to Crack Damage

8.1. Introduction
In recent years, natural disasters have been constantly testing our infrastructure
systems. The Mexico (1985), Loma Prieta (1989) and Northridge (1994)
earthquakes caused millions of dollars of damage to buildings and bridges. When a
destructive earthquake hits a dense urban area, significant properties damages and
losses of life horrify the society. More than 5,000 people died in the Kobe
earthquake (1995, Japan) and in the Chi-Chi earthquake (1999, Taiwan). A great
deal of building collapse is attributed to insufficient seismic resistance of these
buildings. The main culprits are out of date design of old buildings that were
constructed before the modern seismic codes were enforced, sub-standard
construction, or other prior damage or structural modifications to the buildings.
Hence, a very large number of existing buildings or bridges throughout the world
require immediate seismic rehabilitation to improve their seismic performance so
that they comply with the current codes. It has been estimated that the rehabilitation
cost in the USA will reach into trillions of dollars over the next 20 years [NAT 87].
Many techniques, such as infilling, bracing and jacketing have been developed and
successfully used in various structures. Rehabilitation materials involve concrete,
steel plates and most recently fiber reinforced plastics (FRP) sheets.
While concrete structures continue to age and deteriorate due to fatigue and
chemical attack, it is important to be able to determine the residual strength of the
Chapter written by Hwai-Chung WU and Kraig WARNEMUENDE.
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material before substantial failure occurs. It is possible to repair some extensive
damage, however, in most cases a structure should be evaluated before it becomes a
safety hazard. Damage state is a good indicator of the residual strength and
durability of a material and so, the evaluation of the existing damage state in a
material should allow the ascertainment of the structure’s integrity for the long term.
The need in testing concrete structure is not only the ability to detect large cracks
or flaws, but also to reliably and efficiently quantify the residual strength at all
levels of deterioration. Presently, several non-destructive methods are used to
estimate the present (residual) strength of materials including thermography,
radiography and ultrasonics. While all of these methods have strengths, equally they
all have drawbacks. Perhaps the most notable drawback is the problem of false
issues that are displayed by thermography, radiography and c-scan [KWA 99, KUN
99, LAI 92, BRA 92]. Ultrasonic techniques appear to be the most suitable because
of their easy operation and low cost. However, conventional ultrasonic techniques
such as pulse velocity or amplitude attenuation have several major drawbacks
including insensitivity to the early damage state of structure and great difficulties in
correlation to residual strength and durability. As the density of small flaws due to
damage grows, the structure’s resistance to further damage decreases even though
its ultimate strength may not be significantly changed initially [KON 98, NAG 96,
KAM 97]. When there is a dense accumulation of small fractures they begin to
interact rapidly, thus enabling the formation of large cracks under relatively small
load increases [ASH 86]. It is only after this stage that any of the current testing
methods can reliably detect a problem [VAN 98], but at that point it is often too late
or too costly to repair the structure [DAP 95, KAM 97].
8.1.1. Passive modulation spectrum
The most promising method of damage evaluation is by frequency domain
analysis of the stress waves that pass through the material. Linear acoustics simply
considers the effects of properties such as scattering, reflection and absorption on
the phase and/or amplitude of a signal, while the frequency is assumed to remain
constant. Non-linear acoustics is the effect that damage, flaws and other such
properties have on the frequency content of a signal as it propagates through the
material [SUT 98].
Cracked material modulates the frequency of the pulse much more than
undamaged material does. The expected result of analyzing the frequency response
of a pulse through a damaged sample is a shift of the pulse spectral energy away
from the frequency of the probe signal [DAP 95, SEL 98, SUT 98]. The
fundamental frequency becomes less defined and other harmonics develop. This
type of analysis can be very sensitive to damage in the sample [DAP 95]. Frequency
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analysis is not terribly new: it has been used for many years in ultrasonic testing of
metals, but in concrete it is only recently that this method has been applied [DAP 95,
SEL 98].
The biggest problem with passive modulation frequency analysis is the difficulty
in distinguishing the modulated energy from the probe fundamental energy in order
to quantify the distortion. For example, if the transducer puts out an energy impulse
consisting of a bandwidth covering 100 Hz, if only one tenth is modulated by the
modulation theory explained previously and that modulation is a small offset down
the frequency scale by 10 Hz, then it is expected that the resulting spectrum would
show the original frequency band with a small (very small) distortion on the left. In
that case only the lowest portion of the frequency band of the impulse modulates the
initial signal in such a manner that it can be discovered in the spectral analysis. The
use of a very narrow band tone signal may alleviate some of the problem but the
analysis must always be fuzzy.
8.1.2. Active wave modulation
Passive non-linear frequency spectrum analysis has been proven to be more
effective than most linear acoustic methods [DAP 95, SEL 98]. More recently, some
exciting advancements in non-linear acoustic technology have been made. In
addition to analyzing the frequency spectrum of modulated stress waves (just like
the passive non-linear technique), some advanced non-linear acoustics
simultaneously employ a secondary wave to effectively agitate the mechanisms of
modulation that exist due to damage or flaws in the material through which the
primary wave passes [SUT 95, SUT 98, JOH 96, JOH 99, WU 00, WU 01]. The
result is a modulated through signal with readily recognizable sidebands which can
indicate various flaws.
8.2. Damage in concrete
Due to the heterogenous nature of concrete, stresses are not evenly distributed
throughout a concrete structure under load. The result is the formation of small
cracks and stress redistribution even at low loads. Fracture mechanics suggests that
very small material flaws or interfaces between materials of different stiffness give
rise to large stress concentrations [BRO 86, SHA 95]. Both of these conditions exist
in all concrete. Some initial cracks are very small, resulting from the presence of
processing flaws or material imperfection and subsequently grow where high stress
concentrations exist in a member as a result of local tensile or shear stresses. Crack
formation and growth begins at low loads in concrete and increases in number (and
size) over the whole load capacity range of the material.
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A baseline test of the above-mentioned non-destructive methods was recently
carried out at Wayne State University [WU 00, WU 01, WU 02]. A batch of mortar
cylinders were created, allowed to cure and then thoroughly dried. Several of these
cylinders were tested to failure for compression strength. Various forces were then
used to initiate microcracking of different degrees in several additional samples. The
degree of microcracking in each case is estimated in relation to the average strength
of the samples. The initiation of microcracking in concrete under static loading
(though some cracking pre-exists due to shrinkage etc.) typically occurs around 30%
of the ultimate capacity. The count density of cracking is known to increase until the
formation of macro-cracks at a force near 80% of the capacity. Therefore each of the
cylinders loaded has a different and proportionate degree of microcracking: 0%,
35%, 55%, and 75% of the ultimate compressive strength to induce internal damage.
We note that the degrees of damage might not be directly correlated to the percent of
loading. Conventional linear acoustic measurements (pulse-velocity and amplitude
attenuation) and non-linear acoustic measurements including passive and active
modulation were then performed on these samples. Details of the experiment can be
found in [WAR 03].
The active wave modulation set-up was similar to conventional ultrasonic
testing, and can be seen schematically in Figure 8.1. The impact hammer was only
used for the active modulation testing. The tests all consisted of passing an
ultrasonic signal (which varied depending on the type of test being performed) from
a 100 kHz piezoelectric transducer through the sample to a matching 100 kHz
receiver. In all cases the transducers were acoustically coupled to the sample using a
thin layer of petroleum jelly. The transducers were oriented with the receiver face up
on the counter top, coupled to the bottom of the sample and the sender on the top.
An isolated clamp was then used to keep the transducers from slipping when tested
using the actively modulated acoustic method. A photograph of the testing set-up is
shown in Figure 8.2. Active stress waves were formed by impact because of the
simplicity of generating a strong, low-frequency stress wave with a tuned impact
hammer. Figure 8.3 shows the transformed frequency spectrum of the above signals
for a small range of frequencies near the central frequency of the receiver. The
relative energy of sidebands can be seen becoming progressively larger as the
concrete has more microfracturing.
For comparison purposes, sensitivity factors that normalize the capability of
testing methods to discover levels of damage were used following Daponte et al.
[DAP 95]. For pulse velocity the sensitivity factor (to damage) is defined as:
Dv = 1 −

x
xo

(8.1)
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where x and xo are the velocities through the damaged and undamaged specimens.
For amplitude attenuation, the variable Da is calculated in the exact same manner as
DV, where x and xo in this case are the relative amplitude values. For passive nonlinear frequency analysis, Df(passive) is the sensitivity of the total harmonic distortion
in the frequency domain of a signal to the damage state in the samples. The total
harmonic distortion is defined as the root-mean-square of the signal without the
fundamental frequency band of the transducer divided by the root-mean-square of
the fundamental, i.e.
Df = 1−

THDo
THD

(8.2)

where THD is the total harmonic distortion of the sample in question and THDo is
that of the undamaged sample. In reality this is simply a mathematical expression of
the relative amounts of energy recorded in the fundamental band and the rest of the
frequency spectrum. The values of the sensitivity using the non-linear active wave
modulation spectroscopy (NAWMS) were calculated in a manner very similar to the
calculation of Df(passive), but only considering the two sidebands versus the central
peak of the spectrum. A graphical representation of the test results is shown in
Figure 8.4. As expected, DV is rather insensitive to the degrees of damage until near
80% of the ultimate compressive strength; but Da is somewhat better. A passive nonlinear spectral analysis, Df(passive), shows further improvement. In a vast contrast,
NAWMS (Df(active) in the graph) reveals outstanding sensitivity to the states of
damage. Early detection of microcracking that forms around 40% of the
compressive strength is thus possible using NAWMS.
In the following analysis [WAR 04, WAR 05] we take the basic principles of
acoustic wave propagation in homogenous linear elastic material as the foundation
and then include crack conditions that introduce an element of geometric nonlinearity. The result is significant distortion of acoustic signals. Part of this is selfmodulation, resulting in multiple harmonic generations and the rest is crossmodulation of signals of independent frequencies which results mostly in multiple
sideband generation.
The key acoustic behaviors that interact in the testing method presented here are
acoustic attenuation, fundamental frequency shift due to harmonic distortion, energy
dispersion due to harmonic generation and energy dispersion due to signal amplitude
modulation, all of which combine to make a distinct change in the frequency
spectrum of the interrogation signal. The first has been studied by many authors in
great detail and does not need to be repeated. The second has recently been studied
by several authors [DAP 95, SEL 98, SUT 98]. It is the third and fourth that we
concentrate on most here.
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Figure 8.1. Schematic diagram of the testing set-up used
for actively modulated acoustic testing

Figure 8.2. Picture of the use of a modally tuned impact hammer to perturbate
damage in the concrete for actively modulated acoustic testing
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Figure 8.3. Frequency domain signals from several active modulation tests

Figure 8.4. Various NDE test results
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The first step is to present the basics of stress wave propagation in a linearelastic material. This has been described in detail by Timoshenko and Goodier [TIM
70]. The assumption of treating concrete as a homogenous linear-elastic media is not
far fetched provided the stress due to the acoustic wave is very small compared to
the strength and the wavelength of the wave is larger than the inhomogenity (e.g.
aggregate size) of the system. This assumption is reasonably met as will be
discussed below in section 8.3.1. The elastic wave propagation will be presented in
more detail in section 8.3.2 that includes simultaneous wave interaction. Then, by
extension of the work of Richardson [RIC 79], we find that for the most simplified
planar crack system in an otherwise homogeneous, linear-elastic, semi-infinite body,
the only source of non-linearity must be the crack interface. By solving the system
of ordinary linear differential equations for the interface stress and degree of
separation of the two surfaces, we get the simplest non-linear case in a continuous
media. The analytical solution to this will be presented below in section 8.3.3. The
important generation of non-linear effects through the crack interface can then be
clearly revealed. In addition, for this system, the introduction of a second
propagating acoustic wave will be studied in section 8.3.4. We will examine the
effects of an elliptical crack from linear fracture mechanics in section 8.3.5. Finally,
in section 8.3.6, the above concepts will be combined with the rough unbonded
crack interface resulting in an enhanced non-linear effect.
8.3. Stress wave modulation
Since the level of modulation in passive signals is dependent on the amount of
damage and the amplitude of cyclic opening and closing of cracks, one might force
the cracks to deform in a controlled fashion. Contact areas of cracks could be further
excited by a second stress wave, hence leading to improved modulation of the probe
signal and therefore sensitivity to the presence of damage. Hence, any acoustic
testing and analysis methods that depend on that active perturbation could be called
actively modulated acoustic methods.
In addition to analyzing the frequency spectrum of modulated stress waves (just
like the passive modulation techniques), advanced non-linear acoustic method
simultaneously employs a secondary wave to effectively agitate the material through
which the primary wave passes. The result is a modulated through-signal with
readily recognizable sidebands which indicate the extent of flaws. The expected
location of the sidebands is the probing frequency plus and minus the frequency of
the modulating wave. Such a difference immediately removes the problem of
separating the amplitude of the modulated energy from the probe energy because the
location is generally known. Also, since both energies are concentrated in known
frequencies they can be easily compared across the range of damage.
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8.3.1. Material non-linearity in concrete
It is necessary first to establish the nature of the material we are interested in
studying. For the simplest case we want to use a purely homogeneous, linear-elastic,
isotropic material. However, concrete as a material does not fit any of the above
descriptions. We can analyze the situation preemptively and then return to the
material properties once we establish the basics of the testing method. At low stress,
concrete can be considered to have a primarily linear elastic nature. For example, in
most non-destructive testing by acoustic methods, the stress wave intensity is
considered very strong if it is 10 W/cm2 [KRA 69]. The maximum pressure
developed between particles of the medium is [RES 92]:
P = 2 Iz

(8.3)

where I is the intensity. The material acoustic impedance corresponds to z = ρcl
where ρ is the material density and cl is the bulk longitudinal wave velocity.
Considering the Portland cement mortar we used in the preliminary testing, ρ
was measured as about 2,400 kg/m3 and cl was measured as about 4,000 m/s. The
pressure developed by an acoustic signal with an extremely high intensity of
10 W/cm2 is about 1.4 MPa. This is 1/30th of the measured strength of the mortar
(about 42 MPa). This pressure wave varies in a cyclical manner in addition to any
initial stress present. Since the pressure amplitude is so small, the change in modulus
of elasticity is insignificant (and therefore effectively linear) even at an initial
pressure that is already in the non-linear region of the stress-strain curve.
Let us examine a few additional properties of the stress waves we have used in
our preliminary testing, in particular the particle displacement amplitude due to a
10 W/cm2 acoustic intensity:

A=λ

I
2

2π ρcl2

(8.4)

where A is the particle displacement amplitude, in the case of longitudinal wave
propagation, parallel to the propagation [KRA 69]. λ is the wavelength for the
frequency used in testing which is about 100 kHz for the high-frequency wave and
10 kHz for the low-frequency wave. Considering all the other parameters as given
above, then the particle displacement amplitude is about 0.23 µm and 2.3 µm for a
100 kHz and 10 kHz signal, respectively.
In actual testing we used much lower intensities of sound. The power used for
the transducers was by itself several orders of magnitude lower than that required to

282

Advanced Ultrasonic Methods for Material and Structure Inspection

generate 10 W/cm2 peak intensity. Let us note that intensity is equal to the average
power of the wave divided by the cross-sectional area of the wavefront [RES 92].
In the following sections, some attempts are given to explore the nature of
frequency modulation on the basis of stress wave propagation. Reviews from other
works are first presented and then followed by the proposed mechanics model.
8.3.2. Generation of non-linearity at crack interfaces

The first step is to present the basics of stress wave propagation in a linearelastic material. This has been described in detail by Timoshenko and Goodier in
[TIM 70]. Material non-linearity of concrete is considered negligible since the
acoustic wave is very small compared to the strength of concrete. Then, based on the
pioneer work of Richardson [RIC 79], for the most simplified planar crack system in
an otherwise homogeneous, linear-elastic, semi-infinite body, the only source of
non-linearity must be the crack interface.
The theory was described in the most basic case as acoustic harmonic generation
at unbonded, planar interfaces [BUC 78, RIC 79]. Sutin and Nazarov [SUT 95]
expanded this in the case of unbonded, rough interfaces providing additional
harmonic generation. These harmonics, in the simplest sense, are generated by the
cyclical increase and decrease of the contact area of cracks under the stresses of an
acoustic wave. This is necessarily dependent on the relative smoothness of the crack
interface, the deformability of that interface and the normal stresses induced by the
stress wave on the interface.
Based on the previous discussion it is perfectly valid to use the elasticity theory
to solve equations of small motion. This has been presented very clearly by
Timeshenko and Goodier [TIM 70]. For completeness, the pertinent results are
presented below.
In terms of Lamé’s constants ( λ and G) and volumetric expansion (e), and
assuming no body forces except inertia:

(λ + G ) ∂e + G∇ 2u − ρ ∂
∂x

2

u

2

=0

∂t
2
(λ + G ) ∂e + G∇ 2v − ρ ∂ 2v = 0
∂x
∂t
2
(λ + G ) ∂e + G∇ 2 w − ρ ∂ 2w = 0
∂x
∂t

(8.5)
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where
∇2 =

∂2 ∂2 ∂2
+
+
∂x 2 ∂y 2 ∂z 2

(8.6)

The displacements u, v, and w are derived from a single function φ such that:

u=

∂φ
∂φ
∂φ
;v =
;w =
∂x
∂y
∂z

(8.7)

Then writing the volumetric expansion ( e = ε x + ε y + ε z ) in terms of φ from
equations (8.7) and substituting back into equation (8.5) we get:

(λ + 2G )∇ 2u − ρ ∂

2

u

2

=0

∂t
2
(λ + 2G )∇ 2v − ρ ∂ 2v = 0
∂t
2
(λ + 2G )∇ 2 w − ρ ∂ 2w = 0
∂t

(8.8)

Dilatational (longitudinal) plane waves have the following form if we assume
that propagation occurs along the x-axis ( v = w = 0 in equation (8.8)):
2
∂ 2u
2 ∂ u
=
c
l
∂t 2
∂x 2

(8.9)

The displacement u from above can then be solved by substituting any function
of the form of equation (8.10) into the differential equation (8.9):
u = f (x − cl t ) + f1 (x + cl t )

(8.10)

First of all, notice that these results pertain to dilatational waves in an infinite bulk
medium. As a further simplification, let us consider only the steady state solution:

(u )t = 0 = f (x ) + f1 (x )

[

]

⎛ ∂u ⎞
⎜ ⎟ = cl f1′(x ) − f ′(x )
⎝ ∂t ⎠ t = 0

(8.11)

Then, assuming (v )t = 0 = 0 and (u )t = 0 = F (x ) :

f (x ) = f1 (x ) = 12 F (x )

(8.12)
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A wave of half the amplitude will travel in each direction away from the source.
In a real system, we need to have at least one free surface so the specimen is not
really infinite, but if sufficiently large could be considered similar enough to apply
these results. At the free surface we apply a forcing function and find that the
forward moving half of the displacement function f (x − cl t ) is the only part of
significance, because the backward moving part f1 (x + cl t ) is generally reflected in
phase with f (x − cl t ) by design in a transducer assembly.
The particle velocity due to the stress wave is:
u =

∂u
= −cl f ′(x − cl t )
∂t

(8.13)

where f ′(x − cl t ) is derivative of f (x − cl t ) with respect to (x − cl t ) . The strain (εx)
can be calculated directly from u (equation (8.10)) and stress (σx) can be derived as:

∂u
= f ′(x − cl t )
∂x
σ x = − ρcl u
εx =

(8.14)

Equations (8.3) and (8.4) are derived from the above results. However, it is more
important to investigate the shape of the propagating waves. Since the functions in
equation (8.10) can be any function and still be a solution to the equations of small
motion, let us use a sine function that may be more typical of actual testing. Let us
consider two sinusoidal functions for simulation: a 100 kHz sine wave and a 10 kHz
sine wave. The displacement (equation (8.10)), velocity (equation (8.13)) and
pressure front (stress, equation (8.14)) of the wave are sinusoidal and carry the same
frequency as the displacement. Additionally, since the waves remain linear in terms
of the forcing function, combinations of forcing functions simply result in the
superposition of the functions individually in the results. Let us consider only the
dilatational, forward moving wave, propagating in the positive x direction from its
origination. Accordingly, let us use a solution of the following form:
u = u0 sin

2π
(x − cl t )
l

(8.15)

where l is the wavelength of the input function (for a 100 kHz wave in our mortar
this would be 40 mm) and u0 is the displacement amplitude. Then putting u into
equation (8.13), the particle velocity becomes:
2πcl
∂u
2π
(x − cl t )
= u = −
u0 cos
l
l
∂t

(8.16)
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The stress wave can be calculated from equation (8.14) by simple substitution of
u :

σx = ρ

2πcl2
2π
u0 cos
(x − cl t )
l
l

(8.17)

Simulation of a distant pickup receiver can be done by including the time lapse
of propagation to a location further along the axis of propagation. It is convenient to
replace the time variable in the above equations (8.15) through (8.17) with the time
lag (t-τ) where τ is the time of propagation over the distance to the receiver. Figure
8.5 shows the stress wave function for a 100 kHz input frequency at a point two
wavelengths away. Here we simulate wave propagation in a material similar to the
mortar we used in the preliminary experimental program. Note that the
aforementioned signal intensity of 10 W/cm2 is used (though this is probably much
larger than the signal used in experimentation) for several reasons. The first reason
is simply that the exact intensity of the acoustic beam in the experimental testing is
very difficult to evaluate. Beam intensity has been measured in water with a
reasonable degree of accuracy. However, there is no reference to measurement of
acoustic beam intensity in concrete. The second reason is that 10 is a large, round
number that vastly overestimates the pressure in concrete, while our entire spectrum
data is normalized, thus implying that the exact incident signal intensity is of little
significance. Finally, as will be shown throughout this chapter, our basic contention
is that the modulation phenomena observed in the experimental regime are primarily
generated by geometric non-linearity of deteriorated concrete and only slightly by
non-linearity that is dependent on pressure wave amplitude (such as material nonlinearity or contact surface deformation).
Since our goal is to analyze the complex case of multiple wave interaction with a
real rough crack, that may include bridging or surface interlock, let us advance the
simple monotone above by steps. First let us consider a bi-tone stress wave only.
Here we keep the 100 kHz ultrasonic tone and introduce a 10 kHz wave of equal
intensity in close proximity to it. At a point not far from the transducers, the waves
overlap each other as follows with the subscripts LF and HF representing the
corresponding properties of a 10 kHz (low frequency) and a 100 kHz (highfrequency) wave respectively:

σx = ρ

2π cl2
lLF lHF

⎡
⎤
2π
2π
x − cl ( t − τ LF ) ) + lLF uHF sin
x − cl ( t − τ HF ) ) ⎥ (8.18)
(
(
⎢lHF uLF sin
lLF
lHF
⎣
⎦

Using the above equation (8.18) we have simulated the reception of the
simultaneous propagation of both stress waves in an infinite homogenous linearelastic medium in Figure 8.6.
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Figure 8.5. A 100 kHz stress wave in an infinite homogenous linear-elastic medium.
Shown at a simulated point 0.08 m (2 wavelengths) away from the source
along the path of propagation

As can readily be seen in Figure 8.6, the waves combine by simple
superposition. The exact Fourier transform of the equation above (equation (8.18)) is
shown as follows:
F [σ x (t )] = ρ

2π 3 cl2
l LF l HF

⎡
2π
(x + clτ LF )δ
⎢l HF u LF cos
l
LF
⎣

2π
(x + clτ HF )δ
+ l LF u HF cos
l HF

(

(

2πcl
lLF

2πcl
lHF

+ω

)

)

⎤
+ω ⎥
⎦

(8.19]

Here δ (ω ) is the Dirac delta function where:
⎧∞ : 2πcl + ω = 0
l LF
⎪
⎪ 2πcl
δ (ω ) = ⎨∞ : l + ω = 0
HF
⎪
0
:
elsewhere
⎪
⎩

(8.20)
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Hence, the exact transform reduces to:

Figure 8.6. Simultaneous 10 kHz and 100 kHz stress waves in an infinite
homogenous linear-elastic medium. Shown at a simulated point 0.08m (2 l)
away from the source along the path of propagation

⎧
2π 3 cl2
2πc
⎪∞ ⋅ ρ
u LF : l l + ω = 0
LF
l
⎪
HF
⎪
⎪
2π 3 cl2
2πc
F [σ x (t )] = ⎨∞ ⋅ ρ
u HF : l l + ω = 0
HF
l LF
⎪
⎪0 : elsewhere
⎪
⎪
⎩

(8.21)

In Figure 8.7, the discrete Fourier frequency transform of the two simultaneous
stress waves, numerically simulated by the above model (equation (8.18) and Figure
8.7), is given showing two spikes of equal magnitude at the input frequencies. This
is similar to the exact transform of equation (8.21), which results in Dirac type
spikes (infinite magnitude, zero width) at exactly 10 kHz and 100 kHz. In the case
of equal intensity input waves, the infinite spikes are identical (as they are in the
simulation) for both frequencies. The difference in peak magnitude is because while
the exact transform occurs over an infinite signal length, the simulation uses a
discrete Fourier transform of a finite signal length.
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The predictable frequency and spike amplitude in the spectrum is typical of
linear systems. However, the bulk of this chapter (sections 8.3.1 to 8.3.6) is
concentrated on proving that, while the above wave propagation is linear (pure
superposition of waves), the combination of these waves in a non-linear situation
(such as in cracked concrete) does not derive from simple superposition, but comes
from complex modulation.
Let us now examine a slightly more complex case. Consider the infinite linearelastic body above in the description of the propagation of plane dilatational waves.
By defining a planar crack at the origin and orthogonal to the axis of the stress wave
propagation we can investigate the most simplified form of acoustic interaction with
a crack. Though the bulk body behaves in a linear elastic manner in response to
acoustic stress wave propagation, yet under some conditions the interface will
produce a response that is non-linear. In other words, despite expectation of zerophase lag sinusoidal strain response (linear response) from a sinusoidal stress input,
depending on the pressure holding the interface together, the response may be nonsinusoidal across the interface. From a physical point of view this may be seen as
the two faces “bouncing” apart resulting in intermittent transmission and reflection
of a sine wave propagating on one side of the interface. From here on, we will
consider this particular geometric non-linearity source as the “interface chattering
effect”. Richardson has laid a solid foundation for this problem [RIC 79]. Below is a
summary of his approach to the problem.

Figure 8.7. Frequency transform of the simulated stress wave shown in Figure 8.6
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8.3.3. Unbonded planar crack interface in semi-infinite elastic media

It begins with the small displacement, elastic wave equations discussed above
resulting in a stress-strain relationship as in equation (8.14) and add an initial remote
compressive stress (σc) in the medium closing the interface as follows:

σ x = λE

∂u
+σc
∂x

(8.22)

Here, λΕ is a generalized elastic constant.
Since we are interested in a planar interface of an infinite body, we can simplify
the system to plane wave propagation along the x-axis. The material elasticity
modulus (E) then replaces λE in equation (8.22). Let us place the origin at the
interface (Figure 8.8(a)) and call the location of the interface surface to the left of
the origin 0- and the right surface 0+ (Figure 8.8(b)).

(a)

(b)
Figure 8.8. Sketch of the conceptual model of (a) a closed gap,
plane interface at rest and (b) an open gap, plane interface

The boundary conditions across the crack must include both phases of the crack
opening conditions, i.e. the boundary conditions for the closed, contacting interface
are different from the boundary conditions for the open gap. For the gap to be open
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the displacement of the right surface must be greater than that of the left surface and
the stress at the interface must be zero:
u (0 + , t ) > u (0 − , t )

σ (0 + , t ) = σ (0 − , t ) = 0

(8.23)

Similarly, for the closed gap, the displacement of both sides must be equal and
both faces must be in compression:
u (0 + , t ) = u (0 − , t )

σ (0 + , t ) = σ (0 − , t ) < 0

(8.24)

Finally we must include initial conditions in the time domain. Here we can start
with a closed gap at rest with a wave approaching from the left.
⎧ 0:0 ≤ x < ∞
u ( x ,0 ) = ⎨
⎩ f (x ) : −∞ < x < 0
0:0 ≤ x < ∞
⎧
∂u
( x ,0 ) = ⎨
∂t
⎩− cl f ′(x ) : −∞ < x < 0

(8.25)

Let us now describe the wave propagation in this system. We will consider only
the right propagating stress wave, which we will call the “incident stress wave”, as it
approaches the unbonded interface like in section 8.3.2 (see Figure 8.8). Interaction
with the interface results in two possibilities: a right propagating wave (“transmitted
stress wave”) transmitted into the right half of the system when the gap is closed and
a left propagating wave (“reflected stress wave”) reflected by the free surface when
the gap is open. So the displacement can be written as follows:
– for the left half of the system:
u = f (x − cl t ) + g (x + cl t ) : (x < 0, t > 0)

(8.26)

– for the right half of the system:
u = h(x − cl t ) : (x > 0, t > 0 )

(8.27)

The element of interest in this section is the determination of the transmitted
wave h(x − cl t ) if we are given the incident wave, f (x − cl t ) . To get there we must
include the interface boundary conditions and initial conditions. Following equation
(8.22) the stress becomes:
⎧ E [ f ′(x − cl t ) + g ′(x + cl t )] + σ c : x < 0
E [h′(x − cl t )] + σ c : x > 0
⎩

σ =⎨

(8.28)
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where f’ is the derivative of f with respect to (x − cl t ) as stated in section 8.3.2.
Right at the interface stress can be simplified to the following:

σ ( 0− , t ) = 2 Ef ′ ( −cl t ) + ρ cl

∂ u ( 0− , t )
+σc
∂t

∂ u ( 0+ , t )
σ ( 0+ , t ) = − ρ cl
+σc
∂t

(8.29)

Then the boundary conditions can be rewritten for an open gap:

∂u (0 + , t )
⎫
= +σ c
⎪
∂t
⎬ : u (0 + , t ) > u (0 − , t )
∂u (0 − , t )
ρcl
= −2 Ef ′(− cl t ) − σ c ⎪
∂t
⎭

ρcl

(8.30)

And for closed gap conditions:
− ρ cl

∂ u ( 0+ , t )
∂ u ( 0− , t )
+ σ c = ρ cl
+ 2 Ef ′ ( −cl t ) + σ c < 0 : u ( 0+ , t ) = u ( 0− , t ) (8.31)
∂t
∂t

Now, to simplify the solution let us create a new coordinate system at the gap.
Here we will write X as the center of gravity of the gap and Y will be the separation
of the faces of the gap following Richardson [RIC 79] (see Figure 8.9). Then:
X =

1
(u (0 + , t ) + u (0 − , t ))
2

Y = u (0 + , t ) − u (0 − , t )

Figure 8.9. Sketch of the new coordinate system with the interface open

(8.32)
(8.33)

292

Advanced Ultrasonic Methods for Material and Structure Inspection

With the above boundary conditions and the new coordinate system we can solve
functions g and h as a response to the surface pressure on the interface:
⎛
x⎞
g (x + cl t ) = − 12 Y ⎜⎜ t + ⎟⎟
c
l ⎠
⎝

(8.34)

⎛
x
h(x − cl t ) = f (x − cl t ) + 12 Y ⎜⎜ t +
c
l
⎝

⎞
⎟⎟
⎠

(8.35)

Following the approach used in section 8.3.2 (equation (8.17)), we set f (x − cl t )
as follows (equation (8.36)) so that the gap is initially closed and we can generate
graphs of the wave forms (Figure 8.10):
f (x ) = − A cos

2π
x
l

f (− cl t ) = − A cos

(8.36)

2π
cl t
l

(8.37)

Using the sinusoidal input above we can solve for the functions governing the
crack interface. This is done by simply substituting the equations f (x − cl t ) back
into equations (8.32) and (8.33). By doing so we find that X(t) is the same for all
time as follows (also see Figure 8.10 as a detailed description of this figure will
follow):
X (t ) = f (− cl t ) = −u0 cos

2π
cl t
l

(8.38)

The function Y(t) is more complex and must be determined in a stepwise manner
following the boundary conditions for the system. That is, since the boundary
conditions depend on the system state (open gap, closed gap) the function Y(t) must
also depend on those conditions.
Assuming an initial and constant closing stress is applied to the interface such
that we can replace σc with an equivalent surface pressure –p0 on the interface
surface. We then start with the closed gap. Y(t) must be zero until the force from the
stress wave exceeds that of the closing stress (–p0) acting on the interface:
Y (t ) = 0 : 0 ≤ t ≤ t1

(8.39)
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Let F = –2Ef’(–clt), then comparing equations (8.31) and (8.33), the stress at the
interface (in a compressive sense) is:

σ = σ = F + 2 p0
−

(8.40)

+

and

ρcl X (t ) =

1
F
2

(8.41)

for all time. Thus, it is necessary to solve for the time (t1) at which the gap opens, or
F + 2 p0 → 0 moving from positive to negative as follows:
⎛

t1 =

p0 ⎞
⎟
⎟
⎝ ρcl u0ω ⎠

π +sin −1 ⎜⎜

ω

:ω =

2π
cl
l

(8.42)

From t1 to some time t2 the gap is open and Y(t) can be determined from the
open gap stress conditions (equation (8.30)) and the gap interface coordinates. By
rearranging we can find the interface separation rate Y (t ) as:

ρcl Y = − F + 2σ 0 = − F − 2 p0
= −2 ρcl u0ω sin (ωt ) − 2 p0

(8.43)

Then solving for Y(t) where Y (t1 ) = 0 :
⎡
⎤
p
Y (t ) = 2 ⎢u0 (cos(ωt ) − cos(ωt1 )) − 0 (t − tl )⎥ : t1 ≤ t ≤ t 2
ρ
c
l
⎣
⎦

(8.44)

During this interval, the resultant stress on the interface is zero and the static
pressure acts as a closing stress on the gap.
It is then necessary to find the time t2 at which the gap once again closes. Here
we simply find the first positive root of equation (8.44) in the interval t1 ≤ t ≤ t 2 .
After the gap closes we effectively return to the initial conditions (i.e. the gap is
closed and a wave exists in the left side of the system) and so we can shift the time
axis by the period of the oscillations and repeat the above process (equations (8.39)–
(8.44)) for each new cycle. For the following discussion we have used a discrete
time series to show the effect of transmitting a stress wave through the simple plane
crack interface. The coding is also rather simple. By writing the equations in a finite
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difference format we can set Y (t ) = 0 provided F + 2 p0 < 0 and then set Y(t) as in
equation (8.44) until it reaches zero again.
Let ti be the time at any time increment i, then ∆t = ti − ti −1 . The value t1 can be
set-up as a digital switch to become:
⎛
(F + 2 p0 )ti−1
t1 = ti −1 + ∆t ⎜
⎜ (F + 2 p0 )t − (F + 2 p0 )t
i −1
i
⎝

⎞
⎟
⎟
⎠

(8.45)

when (F + 2 p0 )t < 0 for the first time and t1 only exists for Y (t ) > 0 . During this
i
interval σ = 0 . When Y(t) passes through 0 again, its value is once more set to the
constant value of zero until t1 comes into existence again according to equation
(8.45) (see Figure 8.11). The displacement on the right side of the interface is
calculated from equations (8.32) and (8.33) as:
u = X (t ) + 12 Y (t )

(8.46)

+

The stress can be very easily calculated from equation (8.29) by using a finite
difference approach as follows:
du
u =
=
dt

(

∆ui −1 / 2
∆ti −1 / 2

+
2

∆ui +1 / 2
∆ti +1 / 2

)

(8.47)

The results of this calculation are shown below in several graphs (Figures 8.10,
8.11 and 8.12). Figure 8.10 shows the relationships between the forcing function
F(t), the motion of the center of gravity X(t) and the gap separation Y(t). The effect
of η is to be discussed below. Figure 8.11 shows the relationship between the gap
separation and the stress on the right side of the interface. Let us notice the sharp
discontinuity of the stress function at the point A in addition to the clipping effect of
the interface “chattering”.
The gap separation Y(t) and the interface stress σ are both affected greatly by the
gap closing pressure p0. When p0 = 0 the gap will never close, resulting in no
transfer of the stress wave. On the other hand if 2 p0 > F then there is never a large
enough force to open the gap resulting in a continuous system like that of section
8.3.2. Hence, a new term is introduced to indicate the relative level of the initial
pressure following Richardson [RIC 79]:

η=

2 p0
p0
=
F
ρcl u0ω

(8.48)
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Theoretically, provided 0 < η < 1 , the interface generates harmonics of the
incident stress wave. The stress resultant on the right side of the interface is shown
in Figure 8.12 for various levels of η.
A three dimensional plot showing the variation of harmonic generation over the
range of values of the initial pressure (p0) that represent the full range of stress
transmittance functions, from the gap always remaining open (η = 0) to always
closed (η = 1), is presented in Figures 8.13 and 8.14. In Figure 8.13, it is shown in
the time domain: the signals transmitted through a plane crack received by a
simulated transducer. Figure 8.14 shows the spectrum of the signals from Figure
8.13. The most important elements in Figure 8.14 are the multiple harmonics that
appear at higher multiples of the source signal frequency. Additionally, it is
important to note that these harmonics are most pronounced at a value of η = 0.35.

Figure 8.10. Forcing function and gap parameters as a function of time
for a plane interface acted on by a monotone dilatational wave

8.3.4. Unbonded planar crack interface with multiple wave interaction

The objective of this section is to present an analytical model of time-varying
low-frequency pressure on a plane crack interface such as the one in section 8.3.3.
This will effectively allow us to model the interaction of two independent acoustic
waves at a plane crack and set up the field for the rough crack interface.
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Figure 8.11. Crack separation Y(t) and the interface stress plotted for comparison

Figure 8.12. Transmitted stress function at various values of η
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Figure 8.13. Transmitted stress wave with x-axis: time, y-axis: η from 0 to 1, z-axis: stress

Figure 8.14. FFT with x-axis: frequency (kHz), y-axis:
from 0 to 1, z-axis: frequency amplitude

η
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For the bi-tonal solution, we will start by returning to the system signal functions
of section 8.3.3 (equations (8.34) and (8.35)). Of course, to solve these we need only
to recall the coordinate system, and the boundary conditions of the interface
(equation (8.28)). Since any function f (x − cl t ) will work in the solution, the
forcing function can be rewritten as follows:
f (x − cl t ) = φ LF (x − cl t ) + φ HF (x − cl t )

(8.49)

Here, φLF (x − cl t ) is the low-frequency excitation and φHF (x − cl t ) is the highfrequency excitation.
If we examine the incident wave right at the interface such that x ⇒ 0 , as we did
in equation (8.37), we can set the functions φ (x − cl t ) ⇒ φ (− cl t ) . We use a
sinusoidal function to represent a directly comparable pressure wave for each
frequency of the interrogating signal:

φ LF (− cl t ) = −u LF ω LF cos(ω LF t )
φ HF (− cl t ) = −u HF ω HF cos(ω HF t )

(8.50)

Here u LF is the particle displacement amplitude, as calculated by equation (8.4)
for a given intensity, of a low-frequency (acoustic) pressure wave of ω LF radians
per second frequency in concrete and u HF is the particle displacement under a highfrequency (ultrasonic) wave of ω HF radians per second frequency:
X (t ) = φ LF (− cl t ) + φ HF (− cl t )
= −u LF cos(ω LF t ) − u HF cos(ω HF t )

(8.51)

Then setting the remote stress to an equivalent interface closing pressure − p0
and solving we get:
F = 2 ρcl (u LF ω LF sin(ω LF t ) + u HF ω HF sin(ω HF t ) )

(8.52)

for the forcing function, and for the interface separation velocity:
⎛
p ⎞
Y (t ) = −2⎜⎜ u LF ω LF sin(ω LF t ) + u HF ω HF sin(ω HF t ) + 0 ⎟⎟
ρcl ⎠
⎝

(8.53)

By integrating the interface separation velocity with respect to time and solving
with an initial value t1 , we get the interface separation function:
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⎡
p (t − t1 ) ⎤
Y (t ) = 2⎢u LF (cos(ω LF t ) − cos(ω LF t1 )) + u HF (cos(ω HF t ) − cos(ω HF t1 )) − 0
⎥
ρcl ⎦
⎣
(8.54)

which is only valid for the interval t1 < t < t2 . The value of t1 cannot be solved
exactly because of the fundamentally non-algebraic form of equation (8.54). An
approximation can be made by solving a third order Taylor expansion in the vicinity
of t1 which is determined by summing the values of t1 solved by each of the
individual frequencies according to equation (8.44). Alternatively, we use numerical
integration and generate a discrete time series simulation with t1 evaluated as the
third order difference root of Y (t ) every time ( ti ) such that Y (ti −1 ) < 0 , Y (ti ) > 0 .
Once the interface displacement is fully defined, we can then solve the stress
function on the right side of the interface as:

σ (0 + , t ) = − ρcl

[

]

∂
X (t ) + 12 Y (t ) − p0
∂t

(8.55)

As it is the case in section 8.3.3, this is the stress wave that propagates to the
right with only a change in phase and is eventually picked up by the acoustic sensor.
Hence, we can simulate the wave (equation (8.51)) after passing through the
crack interface (equation (8.55)) for a range of values of 0 ≤ η ≤ 1 . Let us recall that
η is the relative ratio of the peak pressure of the incident wave to the effective
closing pressure acting on the interface. We approximated the peak pressure of the
incident wave with its amplitude in equation (8.48). The peak pressure of the
incident wave can be approximated as the sum of the amplitudes of the two tones,
but in actuality this is not exact, since the peaks of the superposed waves seldom
line up exactly, the sum of the amplitudes is always larger than the actual peak
pressure. In order to assure that at all values of 0 < η < 1 we actually have
modulation, then at η = 1 we must really have the peak pressure of the incident
wave equal to the closing pressure. In the simulation we have done just that by
measuring the peak pressure value in the time series and using that value in the
calculation of η . The frequency spectrums in Figures 8.15 and 8.16 demonstrate
that and the effectiveness of the cross modulation (generation of sidebands) at the
plane interface. Figure 8.15 represents the spectrum over a range of frequencies
from 0 kHz to 200 kHz. Let us notice the multiple harmonics of the 10 kHz signal
which come from self-modulation. Some other important features of this figure
include the line closest to the front where η = 0 which shows that no signal (10 kHz
or 100 kHz) is transferred across the interface because the interface opens
immediately at the beginning of the simulation and remains open thereafter.
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Figure 8.15. CZT with x-axis: frequency (kHz), y-axis: η from 0 to 1,
z-axis: frequency amplitude (Pa)

Figure 8.16. CZT with x-axis: frequency (kHz), y-axis: η from 0 to 1,
z-axis: frequency amplitude (Pa)

Another important feature of Figure 8.15 is the last line η = 1 . Here, there is no
modulation of the two signals because the interface never separates. Additionally,
one can see the ratio of the initial amplitudes of the two signals where for this
simulation the 10 kHz signal had four times larger intensity than the 100 kHz signal.
We used this ratio of signal amplitudes for simulation because we found in the
experimentation that this ratio of signal amplitudes at the receiver seemed to result
in the best damage detection.
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Figure 8.16 is simply a close-up of the frequency range near the 100 kHz probe.
This figure shows a range of frequencies from 85 kHz to 115 kHz and includes the
first sidebands only. Additionally, one can readily see that the highest ratio of probe
amplitude to sideband amplitude occurs around η = 0.35 .
8.3.5. Plane crack with traction

A penny-shaped free interface within a solid is considered to be the primary
acoustic modulator in this work (Figure 8.17). The model of sections 8.3.3 and 8.3.4
is constructed on the basis that a crack fully separates two parts of the specimen and
the effective closing pressure (remote compressive load) is positive. In the
experimental program, we found that there were no large cracks all the way across
the specimen. Actually, most of the cracking was very small compared to the crosssection of the acoustic beam, much less compared to the specimen as a whole.
Additionally, we unloaded the specimen immediately after loading it, before we
began testing it, so the remote stress across any crack had already been eliminated.
Both of these concerns do not fit into the model up to this point. In this section we
attempt to account for both concerns by incorporating crack opening resistance from
a penny-shaped crack with an elliptical opening profile into the model. Similarly to
the previous sections, this model only includes the effects of the crack as a
modulator. Any bypassing of the signal, dispersion or attenuation around the crack
is not within the scope of this discussion.
The closing stress from section 8.3.4 can then be interpreted as a function of the
static loading on the structure and the spring-like resistance to the crack separation
that is offered by the surrounding sound material. For this function, we turn to the
simple relationships developed in linear fracture mechanics for an elliptical crack in
an infinite material [BRO 86]. We can use this idealization when the crack is small
compared to the cross-sections of the member. The relationship for the crack
opening displacement under any uniform internal pressure applied to the inner
surfaces of an elliptical crack is [BRO 86]:

δ (x ) =

4p
a2 − x2
E

(8.56)

Here δ (x ) is the total opening separation of the crack interface at the location x
units of distance away from the center of an elliptical crack of 2a units of distance
in width. The value p is the positive internal pressure per unit thickness of the crack
exerted on the crack. The mean crack opening displacement is:

δ ( x) =

1 a 4p 2
a − x2
∫
a 0 E

(8.57)
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Using this relationship, we can find a simple expression for the resistance to the
mean crack opening displacement as:

σ R (δ ) =

δE
aπ

(8.58)

Figure 8.17. A planar penny-shaped crack in a solid

In this case, we can simply write the total closing stress at the crack interface as
the sum of the stress exerted by external loading and the resistance to further crack
separation.

σ C (δ ) = σ R (δ ) + σ C = −

δE
+ σC
aπ

(8.59)

Note that the external loading is assumed to be static and also that the
“resistance” to the crack separation that comes from a remote “compressive” stress
( σ C ) be additive; for the crack separation resistance ( σ R (δ ) ) the sign must be
made negative on σ R (δ ) .

By definition (equation (8.33)), crack interface separation as a function of time is
Y (t ) . Thus, replacing δ in equation (8.59) with the time dependent crack
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separation ( Y (t ) ) and substituting for − p0 in equation (8.53), we can write Y (t )
explicitly as follows:
EY (t )
⎛
−
+σC
⎜
aπ

Y (t ) = −2⎜ u LF ω LF sin (ω LF t ) + u HF ω HF sin (ω HF t ) −
⎜
ρcl
⎜
⎝

⎞
⎟
⎟
⎟
⎟
⎠

(8.60)

Hence, to solve h(x − cl t ) we must solve the above first order differential
equation (equation (8.60)) with the primary boundary conditions at the time t = t1
(the instant the crack begins to open) and the crack separation must be zero. The
result is given below:
Y (t ) =

1

⎡ A − B ( 2 E sin ( tωHF ) − αωHF cos ( tωHF ) )"

β HF β LF E ⎣
2E

−e

α

( t1 −t )

−C ( 2 E sin ( tωLF ) − αωLF cos ( tωLF ) )"

(8.61)

( A − B ( 2E sin ( t1ωHF ) − αωHF cos ( t1ωHF ) )"
−C ( 2 E sin ( t1ωLF ) − αωLF cos ( t1ωLF ) ) ⎤
⎦

with the constants α, βLF, βHF, A, B and C given below in equations (8.62):
A = β HF β LF aπσ C
B = 2αβ LF Eu LF ω HF
C = 2αβ HF Eu LF ω LF

⎧ α = ρcl aπ
⎪
: ⎨ β LF = 4 E 2 + 4 ρ 2 cl 2 a 2π 2ω LF 2
⎪
⎪⎩β HF = 4 E 2 + 4 ρ 2 cl 2 a 2π 2ω HF 2

(
(

)
)

(8.62)

Simulations of the plane elliptical crack were made using the same material and
signal properties as in the previous simulations. The incident wave is made up of a
100 kHz wave and a 10 kHz wave with intensity four times larger than the 100 kHz
wave. Let us assume no remote stress is applied to the system such that η = 0 . Once
again three figures are presented. Figure 8.18 shows the discrete time history of the
simulation for a range of crack sizes from very large to infinitesimal such that
3.26 *10 2 m ≥ a ≥ 7.77 *10 −5 m . Figure 8.19 shows the frequency spectrum of the
simulation signal of Figure 8.18 over a frequency range from 0 kHz to 200 kHz on
the x-axis. Figure 8.20 shows the same frequency transform, but this time focusing
on just the narrow frequency range (85 kHz to 115 kHz) around the high-frequency
signal.
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Figure 8.18. Simulation of signal modulation at an elliptical
crack interface with decreasing crack size (a)

Figure 8.19. Frequency spectrum of simulation
with decreasing crack size (a)
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Figure 8.20. Close-up of frequency spectrum of
simulation with decreasing crack size (a)

As the crack size is increased to infinity in the above model (equation (8.61)) the
system reverts to the simple, planar crack (equation (8.54)) in which the only closing
stresses come from the external closing pressure as follows:
lim Y ( t ) =

a →∞

σ ( t − t1 ) ⎤
⎡
2 ⎢uLF ( cos ( tωLF ) − cos ( t1ωLF ) ) + uHF ( cos ( tωHF ) − cos ( t1ωHF ) ) − C
⎥
ρ cl ⎦
⎣

(8.63)

If that closing pressure goes to zero it is obvious that the crack will only just
touch once per cycle due to steady-state vibration of two semi-infinite half-spaces.
Another reference case of interest here is the case of a mono-tonal signal. If we
once more take the limit of Y (t ) as in equation (8.63), but this time including
u LF → 0 , we recover equation (8.44), the sinusoidal solution to Richardson’s model
[RIC 79] for harmonic generation at a planar interface in an infinite, elastic,
homogenous medium:
lim

a → ∞ , u LF → 0

Y (t ) = 2u HF (cos(tω HF ) − cos(t1ω HF )) −

2σ C (t − t1 )
ρcl

(8.64)

On the other hand, when the crack size goes to zero, Y (t ) = 0 for all time and we
recover the elastic wave propagation through a homogenous medium. Equations
(8.34) and (8.35) become:
g (x + cl t ) = 0

(8.65)
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h(x − cl t ) = f (x − cl t )

(8.66)

However, as the crack size approaches zero the resistance to the crack opening
goes to infinity at the same rate resulting in the intermittent stress wave (equation
(8.55)) transmission becoming constant with respect to the crack size. This is due to
the one-dimensional assumptions, for if we simply included a cross-sectional area
term for the wavefront, the area of the crack interaction with the whole wavefront
would then go to zero with the crack size and the proportion of the energy
modulation due to the infinitesimally small crack would become zero as well.
Next let us consider the effect the external remote stress has on the modulation
spectrum. In Figure 8.21 we show the frequency spectrum for a simulation
performed with the same values for all parameters as in the previous simulation,
except for η = 0.35 . Even when the crack size is very large, there is some
modulation, as expected. As we go through the range of crack sizes the actual value
of η changes depending on the crack separation as is apparent if we recall equation
(8.48). Then, replacing p0 with σ C (δ ) from equation (8.59) we see that:

η=−

()

2σ C δ
F

(8.67)

The crack size affects η such that as a → 0 the resistance to a small value of
crack separation increases greatly (as seen in equation (8.59)). Thus, as the crack
size a gets smaller the effective value of η increases. In Figure 8.21 one can see
that there is less efficiency of modulation in the crack sizes that are smaller than
0.08 m.

Figure 8.21. CZT frequency spectrum with x-axis: frequency (85 kHz to 115 kHz) (kHz),
y-axis: a from 326 m to 77 µm, z-axis: frequency amplitude (Pa)
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It should be noted that a few other crack resistances might exist. For example,
aggregate interlock and fiber bridging in fiber reinforced concrete offer additional
resistance to crack opening. These effects can be conveniently accounted for by
modifying equation (8.58).
8.3.6. Rough crack interface

Consider an unbonded, penny-shaped rough crack (Figure 8.22(a)) with an
opening profile as shown in Figure 8.22(b). In section 8.3.4 we calculated the
modulation of an acousto-ultrasonic signal due to geometric non-linearity across a
similar smooth crack. In reality a crack surface is rough and under the interface
stresses the roughness would deform and result in changing contact area.
Depending on the phase of the low-frequency vibration, the contact area between
two rough surfaces varies as follows: the initial contact area increases in the
compression phase, whereas it decreases in the rarefaction phase. As a result, the
amplitudes of the transmitted and reflected acoustic waves also vary in accordance
with the variations in the area of contact. Therefore, the transmitted and reflected
waves acquire amplitude modulation with the frequency of the external effect.
It may further be postulated that the deformation of the roughness at the interface
will somewhat soften the interface response, but this will not be covered here. Let us
consider only the 1-D propagation of elastic stress waves in homogenous material
with effectively one-dimensional geometric discontinuities in the form of a smooth
crack. However, in order to include the effects of a rough surface we must change
our one-dimension system into a three-dimensional one. To keep the wave
mechanics as simple as possible we will still only consider wave travel that is in a
direction normal to the crack interface. Additionally, we will ignore shear wave
effects and other non-dilatational deformations. Effectively, we are simply including
a more realistic crack opening profile to the one-dimensional bar used in the
previous sections, so that the rough crack behaves very similarly to the smooth crack
with one exception: the transmission of the modulated signal is directly dependent
on the deformation of the roughness of the crack. In this case, the transmittance of
the signal from section 8.3.4 is a function of the deformation of the rough surface
(resulting in increased or decreased contact area at the three-dimensional interface).
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(a)

(b)
Figure 8.22. (a) Penny-shaped rough crack, (b) cross-section of the penny-shaped crack

The rough opening (separation) profile in Figure 8.22(b) is random in nature and
not amenable to mathematical analysis. So, if the effective height of roughness is
small enough that the contact behaves like that between two smooth solids, we can
rearrange opposing pairs of points on the rough surfaces to make a smooth curve
representing the crack separation (see Figure 8.23(a)). With this simplified
configuration, the contact area problem can be solved by using a contact mechanics
approach; integrating a point load over the contact stress field and then again with
respect to the surface geometry. Since the surface roughness is reasonably random,
the smooth surface approximation (Figure 8.23(a)) is somewhat arbitrary and the
solution to the smooth contact problem is complex, we will idealize the contact as
that between spherical surfaces (Figure 8.23(b)). In each figure (8.22(b) “original
rough cross-section”, 8.23(a) “exact surface separation distribution” and 8.23(b)
“spherical approximation”) the average separation of the opposing surfaces of the
crack is represented by ∆ .

Mechanics Aspects of Non-linear Acoustic Signal Modulation

309

(a)

(b)
Figure 8.23. (a) Smoothed equivalent rough cross-section,
(b) spherical approximation of rough cross-section

From Figure 8.24, the interface deformation δ, sometimes called “load-point
displacement”, is:

δ = d − d′

(8.68)

The Hertzian solution for a rigid spherical indenter impinging on a non-rigid flat
surface gives the radius of the contacting surface ( ac ) as a function of the modulus
of elasticity and Poisson’s ratio of the flat surface ( E s ν s ), the force acting on the
indenter ( P ) and the curvature of the deformed contact surface ( R ) is:
ac3 =

3 ⎛⎜ 1 − ν s2 ⎞⎟
PR
4 ⎜⎝ E s ⎟⎠

(8.69)
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Figure 8.24. Diagram of a spherical indenter on spherical surface

Or the general form for a non-rigid indenter (with modulus of elasticity and
Poisson’s ratio Ei and ν i , respectively) on a non-rigid flat solid:
ac3 =

3 ⎛⎜ 1 − ν s2 1 − ν i2 ⎞⎟
PR
+
4 ⎜⎝ E s
Ei ⎟⎠

(8.70)

Let us note that if we set Ei to infinity then we recover equation (8.69).
The general solution for deformation of contacting, non-rigid spheres is given
below:
⎛ 1 − ν 12 1 − ν 22 ⎞ π 3
r2
⎟
δ = ⎜⎜
+
pm 2ac2 − r 2 +
⎟
E 2 ⎠ 4 ac 2
2R
⎝ E1

(

)

(8.71)

where E1 ν 1 , and E 2 ν 2 are the modulus of elasticity and Poisson’s ratio of the top
and bottom spherical half-spaces, respectively, as in Figure 8.24. Additionally, r is
the distance along the radius of the contact surface for which calculations are being
made, pm is the mean pressure over the contacting surface ( pm = P πa c2 ) and R is:
1
1
1
=
+
R R2 R1

(8.72)
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Let us note that if we set R2 to infinity then R = R1 and we return to the case of
a spherical indenter impinging on a flat surface.
By substituting equation (8.70) into (8.71) and setting r = 0 , we can find the
maximum displacement or the mutual approach of two distant points on the z-axis:
3 ⎛ 1 −ν 22 1 −ν 12
δ = ⎜⎜
+
4 ⎝ E2
E1
3

2

⎞ P2
⎟
⎟ R
⎠

(8.73)

By combining equations (8.70) and (8.73), we get:

δ=

ac2
R

(8.74)

For now let us write the radius of the contacting surface as a function of the
material properties, geometry and force acting over the interface:

ac = 3

3 ⎛⎜ 1 − ν 22 1 − ν 12 ⎞⎟
PR
+
E1 ⎟⎠
4 ⎜⎝ E2

(8.75)

By recalling the definition of a , the radius of the semi-ellipsoidal pennyshaped crack, we can replace P with the stress resultant over the whole crack
interface due to the incident wave ( σ (0 + , t ) , equation (8.55)) as follows (where
P = πa 2σ (0 + , t ) ):
ac = 3

3 ⎛⎜ 1 − ν 22 1 − ν 12 ⎞⎟
Rπa 2σ (0 + , t )
+
4 ⎜⎝ E2
E1 ⎟⎠

(8.76)

Based on the geometry of a segment of a circle, R1 and R2 (Figure 8.23(b)) can
be written in terms of the spherical approximation to the rough crack as follows:
⎛
⎛ h ⎞⎞
R1 = R2 = a csc⎜⎜ 2 tan −1 ⎜ 0 ⎟ ⎟⎟
⎝ a ⎠⎠
⎝

(8.77)
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where h0 is the effective height of roughness of the smoothed crack and 2a is the
chord length of the segment representing the rough surface (Figure 8.23(b)). Then R
based on equation (8.72) is:
1
=
R

1
1
2
+
=
⎛
⎞
⎛
⎞
⎛
⎛h ⎞
⎛h ⎞
⎛ h ⎞⎞
a csc⎜⎜ 2 tan −1 ⎜ 0 ⎟ ⎟⎟ a csc⎜⎜ 2 tan −1 ⎜ 0 ⎟ ⎟⎟ a csc⎜⎜ 2 tan −1 ⎜ 0 ⎟ ⎟⎟
⎝ a ⎠⎠
⎝ a ⎠⎠
⎝ a ⎠⎠
⎝
⎝
⎝

(8.78)

and equation (8.76) with both solids made of the same material ( E1 = E2 = E and
ν 1 = ν 2 = ν ) becomes:
⎧ ⎛
3 1 − ν 2 ⎞⎟ ⎛
⎛ h ⎞⎞
csc⎜ 2 tan −1 ⎜ 0 ⎟ ⎟⎟πa 3σ (t ) ≤ a
⎪⎪3 ⎜⎜
ac = ⎨ 4 ⎝ E ⎟⎠ ⎜⎝
⎝ a ⎠⎠
⎪
⎩⎪a : elsewhere

(8.79)

We use the ratio ac / a as the acoustic transmission function for the rough crack
so long as ac ≤ a . When ac = a , the whole crack interface is in contact, i.e. the
contact area is a . Thus, the ratio ac / a = 1 results in an equivalent system to section
8.3.5 or a plane interface. The formulation of equation (8.75) is only valid for
surfaces whose relative radius is significantly larger than the contact radius. From
equation (8.76) it is obvious from geometry that as R → ∞ , ac → ∞ as well.
However, provided that the crack size is finite, the formulation of equation (8.79)
remains valid even as we approach two plane surfaces in contact.
Figure 8.25 shows the effect of the variation of contact area due to the
deformation of interface roughness on the signal when the remote stress is such that
the crack never fully opens (hence there is no “chattering” source of modulation).
This results in non-linear variation of the cross-section available for stress wave
transmission. We have kept the size of the crack fixed at 2 mm. The high-frequency
is 100 kHz and the low-frequency is 10 kHz. Figure 8.25 clearly shows that, by
varying the area of interface contact, the crack roughness acts as a source of acoustic
modulation. Furthermore, this figure shows that there is an upper bound to the
amount of modulation that the interface roughness alone can generate. One can see
that as the effective height of roughness increases, the modulation peaks get higher.
Once h0 has been increased to 1 *10 −6 , very little differentiation can be seen with
further increases in h0 in terms of the modulation for this simulation. It should be
noted, however, that this effect is dependent on parameters such as the material
properties and the crack size so the upper bound may be system specific.
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Figure 8.25. Comparison of the frequency modulation due solely to deformation
of crack surface roughness resulting in variations of the transmission
coefficient of the crack contact interface

Figure 8.26. Comparison of frequency response for a crack modulator with peak conditions
for chattering type modulation with increasing crack surface roughness

Figure 8.26 shows the combined effect of the ratio ac / a and the plane interface
chattering vibration (from section 8.3.5) in the same simulated system as shown in
Figure 8.25. From these two figures it is clear that the sideband generation due
strictly to the variation of the contact area (therefore the transmission coefficient) is
small compared to the sideband generation due to the interface chattering vibration.
It may be further stated that this chattering (which, as mentioned in section 8.3.4, is
cross-harmonic generation of two independent signals) has the most significant
impact on signal modulation in this model.
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Figure 8.27 shows the numerical simulation for several heights of roughness for
a high-frequency of 91.8 kHz, low-frequency of 5 kHz and crack size of about 2 mm
against experimental results. The height of the roughness of the crack surface is
assumed to be smaller than 100 µm in all cases. Of particular interest is the case
where h0 becomes very small ( h0 → 0 ). This case, as mentioned previously, reverts
to the plane interface case. In Figure 8.27, the plot of h0 = 1 *10 −7 m has effectively
reached the plane interface limit and the resulting frequency plot is the same as the
one we obtained by using the formulation in section 8.3.5.

Figure 8.27. Comparison of the full model (including geometric non-linearity from harmonic
generation, from interface chattering and from contact area distortion due to crack surface
roughness) with the experimental frequency response

8.4. Summary and conclusion

The purpose of the chapter was to investigate the nature of the modulation of
acoustic signals as found in experimentation. This was achieved by creating a model
to describe the acoustic transformation due to a single crack-like flaw in any
homogenous linear elastic solid where the dimensions are large compared to the
acoustic beam. The model depends only on the following parameters:
– material properties: modulus of elasticity ( E ), shear modulus ( G ), Poisson’s
ratio (ν ), and density ( ρ );
– crack properties: crack size ( a ), crack effective height of roughness ( h0 );
– signal properties: frequency and intensity of the low-frequency perturbation
( f LF , I LF ) and the high-frequency probe ( f HF , I HF ) signals.
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In damaged concrete, there appear to be several possible mechanisms of
modulation: material non-linearity and geometric non-linearity are the primary
sources. Material non-linearity is not significant, at least in concrete materials,
because of the small magnitude of an interrogating stress wave. In this chapter, the
basic principles of acoustic wave propagation in homogenous linear elastic material
were extended to include geometric boundary conditions and thus, geometric nonlinearity resulting in significant acoustic distortion. Part of this distortion originates
from multiple harmonic generation (self-modulation), while most of the rest comes
from cross-modulation of the signals, which results primarily in multiple sideband
generation.
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Chapter 9

Non-contact Mechanical Characterization
and Testing of Drug Tablets

9.1. Introduction
Physical properties and mechanical integrity of drug tablets often affect their
therapeutic functions. Therefore, the monitoring for defects and the characterization
of tablet mechanical properties are of great practical interest in the pharmaceutical
industry. In this chapter, a set of non-destructive and non-contact techniques for
quality monitoring and the characterization of the mechanical properties of coated
drug tablets are summarized. To the best of our knowledge, the non-contact/nondestructive approaches presented here are the first in the pharmaceutical industry.
The most commonly used dosage form for pharmaceutical preparations is
currently the tablet, available in various shapes and often administered orally. The
advantages of the tablet dosage form are manifold: tablets are cost effective to
manufacture, convenient to dispense and store, easy for the patient to administer,
and they provide a versatile means of delivering the drug’s active ingredients. The
release of drug from the tablet can be controlled by altering the design and content
of the formulation. Since this is a dry dosage form, tablets also provide a supportive
material matrix to active ingredients for drug stability and generally have a relatively
long shelf life.

Chapter written by Cetin CETINKAYA, Ilgaz AKSELI, Girindra N. MANI, Christopher F.
LIBORDI and Ivin VARGHESE.
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Tableting is a complex manufacturing process in which a large body of firstprinciple-based and empirical knowledge is utilized. Practices as well as results can
vary largely from manufacturer to manufacturer and such variations are clearly not
desirable from a safety and cost standpoint. The US Federal Drug and Food
Administration (FDA) initiated a program named Process Analytical Technology
(PAT) to address various aspects of manufacturing problems in the pharmaceutical
industry [AFN 04, HUS 04]. It appears that the PAT effort has been welcomed by
many pharmaceutical companies and quality programs in many large pharmaceutical
companies are aligned with the objectives and procedures of FDA’s PAT guidelines.
The American Society for Testing of Materials (ASTM) has an active committee
(E55) concerned with pharmaceutical application of process analytical for
developing PAT standards [PAT 06].
The program objectives of PAT summarize and articulate the modern needs and
issues in drug manufacturing. According to the FDA, PAT [PAT 06] is defined as a
system for designing, analyzing, and controlling manufacturing through timely
measurements (i.e., during processing) of critical quality and performance attributes
of raw and in-process materials and processes with the goal of ensuring final
product quality. It is important to note that the term analytical in PAT is viewed
broadly to include chemical, physical and microbiological, as well as mathematical,
and risk analysis conducted in an integrated manner
Many current and emerging tools that enable scientific, risk-managed
pharmaceutical development, manufacture and quality assurance are available.
These tools, when used within a manufacturing system, can provide effective and
efficient means for acquiring information to facilitate process understanding, form
risk-mitigation strategies, achieve continuous process improvement and share
information and knowledge. In the PAT framework, such tools can be categorized
as: multivariate data acquisition and analysis tools, modern process analyzers or
process analytical chemistry tools, process and endpoint monitoring and control
tools, and continuous improvement and knowledge management tools. An
appropriate combination of some, or all, of these tools may be applicable to a singleunit operation, or to an entire manufacturing and quality assurance process.
One major objective of the PAT framework is to design and develop processes
that can consistently ensure a specified quality at the end of the manufacturing
process. Such procedures would be consistent with the basic tenet of quality-bydesign and could reduce risks of quality and regulatory concerns while improving
efficiency. In general, gains in quality, safety and/or efficiency vary depending on
the product and the process and are likely to come from the reduction of production
cycle times by using on-, in- and/or at-line measurements and controls, the
minimization of rejects, scrap, and re-processing, the evaluation of the possibility of
real-time release, the integration of automation to improve operator safety and
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reduce human error, the utilization of continuous processing to improve efficiency
and manage variability and material use and the optimization of production capacity.
The FDA believes that the net result of PAT is a reduction in production cycle
times, prevention of rejects, scrap and re-processing, the ability to release product in
real-time, according to demand and increases in automation in order to improve
operator safety and reduce human errors. Other potential benefits to manufacturers,
according to the FDA, are improved energy and material use, increased capacity and
the elimination of some scale-up issues. The Agency is encouraging manufacturers
to use the PAT framework to develop and implement effective and efficient
innovative approaches in pharmaceutical development, manufacturing and quality
assurance.
9.2. Drug tablet testing for mechanical properties and defects
9.2.1. Drug tablet as a composite structure: structure of a typical drug tablet
The most fundamental and critical objective of a tablet is to deliver the active
ingredient into the human blood stream accurately and reproducibly. Essentially, a
tablet should be considered as a consumable drug delivery device.
Most modern commercial drug tablets consist of two basic structural parts: the
core and coating layer(s). The core of a typical drug tablet contains a mixture of one
or more active pharmaceutical ingredient(s) (API) with a number of inactive
ingredients identified as excipients, containing diluents, binders and lubricants. Drug
tablets seldom consist of only the API. As a result, a tablet is a mechanical system
consisting of various bonded functional and structural parts (e.g. core and coating
layers). The main reasons for formulating a tablet product with excipients range
from management of small dosage amounts of active ingredient to esthetic reasons
of color and shape of a pharmaceutical product.
The spatial distribution of active pharmaceutical ingredients and excipients in a
tablet as well as the properties of its coating layers(s) play critical roles in defining
its performance as a drug delivery device. Also, structural tablet defects like
pharmaceutical functional irregularities in API can therefore affect the primary
therapeutic functions of a tablet. Both structure and defects of a tablet as well as its
mechanical properties are closely related to the manufacturing processes employed
in its production.
In recent years, there has also been an increased emphasis in developing tablets
that provide, unlike the conventional-release tablets that are of fast
disintegrating/release characteristics, controlled disintegration/release processes of
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the active ingredient. These tablets are therefore known by different names, such as
extended-, controlled- or delayed-release tablets in order to reflect their drug release
characteristics. These modified drug release products provide further convenience to
patients by offering reduced frequency of drug administration (e.g. once a day
instead of three doses per day), thus increasing their chances of compliance as well.
9.2.2. Basic manufacturing techniques: cores and coating layers
Manufacturing techniques play a major role in the structure of a tablet and,
consequently, its mechanical properties and form (with geometric irregularities and
defect formation). Tablet cores are manufactured by applying pressure to a powder
bed in order to compress the powder mix into a (porous) coherent/solid form.
Compaction represents one of the most basic unit operations in the pharmaceutical
industry because physical and mechanical/elastic properties of the tablets, such as
density or mechanical strength, are determined during this process. These properties
determine tablet integrity and drug availability. The uniaxial compaction of a
pharmaceutical powder results in an anisotropic and heterogenous tablet with
variations in such properties as density, porosity and mechanical strength throughout
the tablet. The tablet porosity of most materials is about 5 to 30%. Even at relatively
high compaction pressures, tablets are considered porous. The powder may consist
of either primary particles or aggregated primary particles (granules). Under
compression, bonds are established between the particles or granules, as a result a
form is shaped and a certain mechanical strength is given to the compact.
When pressure is applied to a powder bed, the bulk volume of the powder is
reduced and the amount of air is substantially decreased. As the particles are moved
into closer proximity of each other during the volume reduction process, bonds may
be established between the particles. The formation of bonds is associated with a
reduction in the energy of the system as energy is released. The strength of a tablet
composed of a certain material can be used as a measure of the compatibility of that
material. Volume reduction takes place by various mechanisms and different types
of bonds may be established between the particles depending on the pressure applied
and the properties of the powder.
The dominating bonding types which adhere particles together in a tablet made
of dry powders by direct compression are considered to be distance attraction forces,
solid bridges and mechanical interlocking. The term distance attraction forces
include van der Waals forces, hydrogen bonds and electrostatic forces.
The functional and structural properties of the tablet (e.g. mechanical properties,
disintegration time and drug release characteristics) are affected by both the
properties of the constituent materials and the manufacturing process. Excipients
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such as diluents, binders and lubricants are generally needed in a formulation in
order to facilitate the manufacturing process, but also to ensure that the resulting
tablets have the desired properties. For example, the strength of tablets should be
sufficiently high to withstand handling during manufacturing, transportation and
usage, but should also disintegrate and release the drug in a predictable and
reproducible manner upon delivery.

9.2.3. Tablet coating
Tablet coating is the application of coating composition to a moving bed of
tablets with simultaneous uses of heated air to accelerate evaporation of solvent.
Typically, a tablet coat consists of multiple layers and its thickness varies from
100 µm to 400 µm. Substances used for coating are usually applied as solution or
suspension delivered as a spray under conditions where the liquid component in the
solutions/suspension evaporates after deposition on the surface of the tablet as
droplets. Coating materials typically contain no active ingredient. In general, the
purposes and functions of tablet coating are as follows: to avoid irritation of
esophagus and stomach and inactivation risk of drug in the stomach, to improve
drug effectiveness and stability, to regulate and/or prolong dosing interval, to
improve patient compliance, to reduce environmental influences (e.g. moisture, dust
formation), to prolong shelve life, to eliminate unpleasant taste, and to improve
appearance and acceptability as well as product identity.
Compressed tablets may be coated with colored or uncolored sugar layers. The
sugar coating is water soluble and rapidly dissolves after swallowing. The coat
protects the enclosed drug from the environment and provides a barrier to unpleasant
taste or odor. Sugar coating provides a combination of insulation, taste masking,
smoothing the tablet core, coloring and modified release. The disadvantages of sugar
coating are the time and expertise required in the coating process and thus the
increased size, weight and shipping costs. Sugar coating process involves five
separate operations: (i) sealing/water proofing: provides a moisture barrier and
harden the tablet surface, (ii) subcoating: causes a rapid buildup to round off the
tablet edges, (iii) grossing/smoothing: smoothes out the subcoated surface and
increases the tablet size to predetermine dimension, (iv) coloring: gives the tablet its
color and finished size and (v) polishing: produces the characteristics gloss.
Currently, film coating is more favored over sugar coating. Film coating is the
deposition of a thin film of polymer surrounding the tablet core. Conventional pan
equipments may be used, but modern equipments provide a high degree of
automation, process control and coating time. The polymer is solubilized into
solvent. Other additives such as plasticizers and pigments are added to the solvent
for various purposes. The resulting solution is sprayed onto a rotating tablet bed
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heated by a hot air flow. The drying conditions cause evaporation of the solvent,
resulting in thin deposition of coating material around each tablet core.
The fundamental requirements include adequate means of atomizing the spray
liquid for application to the tablet core, adequate mixing and agitation of tablet bed
and sufficient heat input in the form of drying air in order to provide the latent heat
of evaporation of the solvent. The application of drying air is particularly important
with aqueous-based spraying and good exhaust facilities to remove dust and solvent
laden air.
Enteric coating is used to protect the tablet core from disintegration in the acidic
environment of the stomach. Polymers are used for enteric coating. The ideal
properties of enteric coating material are summarized as follows: resistance to
gastric fluids, susceptible/permeable to intestinal fluid, compatibility with most
coating solution components and the drug substrate, formation of continuous film,
fontoxic, inexpensive and ease of application as well as ability to be readily printed.
Compression coating is not widely used in modern drug production. However, it
contains certain advantages in some cases in which the tablet core cannot tolerate
organic solvent or water and yet needs to be coated for taste masking or to provide
delayed or enteric properties to the finished product and also to avoid
incompatibility by separating incompatible ingredients. This type of coating requires
a specialized tablet machine.
Electrostatic coating is an efficient method of applying coating to conductive
substrates. A strong electrostatic charge is applied to the substrate. The coating
material containing conductive ionic species of opposite charge is sprayed onto the
charged substrate. Complete and uniform coating of corners and adaptability of this
method to such relatively non-conductive substrate as pharmaceutical is limited.
In the dip-coating process, coating is applied to the tablet cores by dipping them
into the coating liquid/slurry. The wet tablets are dried in a conventional process in a
coating pan. Alternative dipping and drying steps may be repeated several times to
obtain the desired coating. This process lacks the speed, versatility and reliability of
spray-coating techniques. Specialized equipment has been developed to dip-coat
tablets, but no commercial pharmaceutical application has been obtained.
Vacuum film coating is a new coating procedure that employs a specially
designed baffled pan. The pan is hot water jacketed, and it can be sealed to achieve a
vacuum system. The tablets are placed in the sealed pan and the air in the pan is
displaced by nitrogen before the desired vacuum level is obtained. The coating
solution is then applied via an airless spray system. The evaporation is caused by the
heated pan and the vapor is removed by the vacuum system. Because there is no
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high-velocity heated air, the energy requirement is low and coating efficiency is
high. Organic solvent can be effectively used with this coating system with
minimum environmental or safety concerns.

9.2.4. Types and classifications of defects in tablets
In general, the structural defects/irregularities on the drug tablets can be linked to
manufacturing processes while functional defects are often related to both
manufacturing and formulation steps.
An ideal commercial drug tablet should be free from functional defect and/or any
visual irregularity in addition to the packaging of its active ingredient(s). Functional
defects are due to faulty formulation and unindented chemical reactions. Solving
many of the manufacturing problems leading to defective tablets requires an indepth knowledge (and a careful analysis) of granulation processing and tablet
presses. Such knowledge is often acquired only through an exhaustive study and a
long experience. The majority of visual defects are due to inadequate fines,
inadequate moisture in the granules ready for compression or faulty machine setting.
Visual defects or imperfections are often signs of more serious physical
imperfections in the drug tablet and are considered indicators of compromise of
mechanical integrity of the tablet. The imperfections are in general related to (i)
tableting process, (ii) excipient (and/or active ingredient) and coating materials and
(iii) tablet press and handling (machinery).
Capping is defined as the separation of the upper or lower segment of the tablet
horizontally, either partially or completely from the main body of a tablet, as a cap,
during ejection from the tablet press or during subsequent handling. Lamination is
the separation of a tablet into two or more distinct horizontal layers. The airentrapment in a compact during compression and subsequent expansion of the tablet
on ejection from a die cause capping and lamination.
Chipping is defined as the breaking of tablet edges, while the tablet leaves the
press or during subsequent handling and coating operations. Incorrect machine
settings and especially incorrect setting of ejection take-off are possible reasons for
chipping.
Cracking (small, fine cracks) observed on the upper and lower central surface of
tablet cores, or very rarely on the sidewall is often a result of rapid expansion of
tablets, especially when deep concave punches are used.
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Cracking and splitting is a defect type in which the film either cracks across the
crown of the tablet core (cracking) or splits around the edges of the tablet (splitting).
If internal stresses in the core exceed tensile strength of the core materials, such
defects are initiated.
Sticking refers to the tablet material adhering to the die wall during compaction.
Filming is a slow form of sticking and is largely due to excess moisture in the
granulation.
Picking is the term used when a small amount of material from a tablet core is
sticking to and being removed off from the tablet surface by a punch face. The
problem is more prevalent on the upper punch faces than on the lower ones.
Binding in the die is a type of problem which occurs when the tablet cores
adhere, seize or tear in the die. A film is formed in the die and the ejection of the
tablet is hindered. With excessive binding, the tablet sides are cracked and it may
crumble apart.
Double impression involves only those punches which have a monogram or
other engraving on them. At the moment of compression, the tablet receives the
imprint of the punch. On some machines, the lower punch freely drops and travels
uncontrolled for a short distance before riding up the ejection cam to push the tablet
out of the die. During this free travel, the punch rotates and may make a new
impression on the bottom of the tablet.
Pitting is a defect whereby pits occur in the surface of a tablet core without any
visible disruption of the film coating. Pits can enlarge if the temperature of the tablet
core is greater than the melting point of the materials used in the tablet formulation.
Various types of defects can be inflicted to the coating of a tablet during
production as summarized below.
Blistering (local detachment of film from the substrate) is related to entrapment
of gases in or underneath the film due to overheating either during spraying or at the
end of the coating run. The use of mild drying conditions can solve this problem.
Chipping is a defect type where the film becomes chipped and dented, usually at
the edges of the tablet. Reduction in fluidizing air or speed of rotation of the drum in
pan coating causes this type of defect.
Cratering is related to penetration of the coating solution into the surface of the
tablet, often at the crown where the surface is more porous, causing localized
disintegration of the core and disruption of the coating.
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Blooming or dull film is generally caused by higher concentration and lower
molecular weight of plasticizer. Blooming is a defect where coating becomes dull
immediately or after prolonged storage at high temperatures. It is due to the
collection on the surface of low molecular weight ingredients included in the coating
formulation.
Blushing (whitish specks) or haziness of the film is related to the precipitation of
polymer exacerbated by the use of high coating temperature at or above the thermal
gelation temperature of the polymers. Color variation is caused by improper mixing,
uneven spray pattern, insufficient coating or migration of soluble dyes during
drying.
Infilling is caused by the formation of bubbles and foam during air spraying of a
polymer solution.
Orange peel or surface roughness is related to inadequate spreading of the
coating solution before drying. The appearance of this, rough and non-glossy, defect
resembles that of the surface of an orange.
Cracking is seen when internal stresses in the film exceed the tensile strength of
the film. This problem is common with higher molecular weight polymers or
polymeric blends.
Picking is a defect where isolated areas of film are pulled away from the surface
when the tablet sticks together and then part. The conditions causing this flaw are
similar to those of cratering, which produces an overly wet tablet bed where adjacent
tablets can stick together and then break apart.
Mottling is the term used to describe an unequal distribution of color on a tablet,
with light or dark spots standing out on an otherwise uniform surface. Color
variation is a defect which involves variation in color of the film.
Infilling is a defect that is caused by the inability of foam, formed by air spraying
of a polymer solution, to break. The foam droplets on the surface of the tablet
breakdown readily due to attrition but the incisions form a protected area allowing
the foam to accumulate.
9.2.5. Standard tablet testing methods
The United States Pharmacopeia (USP) [USP 06] is the official public standardssetting authority for all prescription and over-the-counter medicines, dietary
supplements and other healthcare products manufactured and sold in the USA. USP
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sets standards for the quality of these products and works with healthcare providers
to help them reach these standards.
According to the USP, the physical tests applicable to tablet formulation include
bulk density of powder, powder fineness, loss on drying, disintegration test, tablet
friability, dissolution test, drug release testing, uniformity of dosage form, container
permeation test and labeling of inactive ingredients. Nearly all of these USP tests are
destructive and/or invasive.
Coated tablets are tested for water vapor permeability, film tensile strength and
coated tablet evaluations using the following methods: (i) adhesion test with tensilestrength tester: measures the strength required to peel the film from the tablet
surface; (ii) diametric crushing strength of coated tablet where tablet hardness testers
are used. This test gives information on the relative increase in crushing strength
provided by the film and the contribution made by changes in the film composition;
(iii) temperature and humidity may cause film defects. Hence, studies are to be
carried out; (iv) quantification of film surface roughness, hardness and color
uniformity. Visual inspection or instruments are often used. A coated tablet is
rubbed on a white sheet of paper to test the resilience of the coat film. Resilient
films remain intact, and no color is transferred onto the paper. Excessively soft
coating is readily erased from the tablet surface to the paper.
Tablets are tested during production (in-process quality control). The control of
the tableting process in production is often concerned with the following general
parameters: (i) weight of tablet (single pan electric balance), (ii) crushing strength
(controls friability and disintegration time), (iii) tablet thickness (very thick tablets
affect packaging particularly into blister packs), (iv) disintegration time, (v)
friability.
Hardness tests measure the crushing strength property defined as the
compressional force applied diametrically to a tablet which just fractures it. Among
a large number of measuring devices, the most favored ones are Monsanto tester,
Pfizer tester, and Strong-Cobb hardness tester. All are manually used, so strain rate
depends on the operator. However, Heberlein Schleuniger, Erweka and Casburt
hardness testers are motor driven.
Friability testers have become an accepted standard throughout the
pharmaceutical industry for determining the resistance of tablets to the abrasion and
shock experienced in manufacturing, packing and shipping operations. Such stresses
can lead to capping, chipping, abrasion or even breakage of the tablets. To examine
this, tablets are subjected to a uniform tumbling motion for a specified time and their
weight loss is measured. The Roche friabilator is most frequently used for this
purpose.
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In the pharmaceutical industry, historically, the term tablet hardness has been
used to describe the mechanical strength of a tablet. Softer tablets can disintegrate in
transport or can dissolve in the mouth, whereas tablets that are too “hard” may
dissolve too slowly in the digestive tract. An optimal “hardness” is required and
tablet strength testing is necessary for both research and development of new
formulations and for quality control. The standard method used for tablet hardness
testing is compression testing, in which the tablet is placed between two jaws that
crush it. The machine measures the force applied to the tablet and detects when it
fractures. Although compressive force is applied to the tablet, tablets usually fail in a
tensile manner, along their diameter at right angles to the applied force.
The three-point bend test is well known in mechanical strength testing for
Young’s modulus and tensile strength. It often accurately provides properties such
as the Young’s modulus and the tensile strength of a material. In the three-point
bend test it necessary to use small rectangular beam specimen of the formulation to
be characterized. These properties as well as the tableting parameters (e.g. pressing
force and tablet geometry) are used to predict the elasticity and strength of the tablet.
Two methods of tablet “hardness” testing exist: constant speed and constant
force. Constant speed testing crushes the tablet at a constant rate, as the test speed is
maintained electronically throughout the test by motor feedback. This is the normal
method for strength testing equipment. Constant force testing was a legacy of one of
the earlier tablet testing machine designs and has been adopted by some areas within
the pharmaceutical industry. The testing speed will vary throughout the test as the
machine strives to apply a constant rate of force increase. It is known that changing
the speed, especially during testing, can give varying results. Constant speed testing
almost certainly gives the more consistent results.
In the mid-1930s, the first tablet hardness tester, a purely mechanical device, was
introduced. Force was exerted with a screw thread and a spring until the tablet
fractured and the hardness was read from a sliding scale graduated in 0.5 kg
increments. This generation tool was the so-called Strong-Cobb tester, introduced
around 1950. In this tester, the testing force was generated by a manually operated air
pump and the tablet breaking force was measured on a dial graduated in 30 arbitrary
units which were designated as Strong-Cobbs. It is important to mention that the
results given by the Strong-Cobb tester were not consistent with those of the earlier
tester.
The Strong-Cobb is a legacy of the first tablet hardness testing machines. It is an
arbitrary unit, never recognized by the SI system. Approximately, 1.4 Strong-Cobs
are thought to equal to about 1 kg, although this conversion factor has no scientific
basis.
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Electromechanical tablet hardness testing machines were later introduced and
have evolved into present electronic test instruments. These contain a motor drive
system to generate the force and electronics to automate the test procedure,
automatically detecting tablet fracture and displaying the force in a variety of units.
The measurements are then transmitted to a computer.

9.2.6. Review of other works
Various standard testing methods developed for materials testing have been used
in the pharmaceutical industry. Mechanical properties such as strength and hardness
are typically measured by destructive means such as breaking strength, axial tensile
strength, bending and diametrical compression tests. Hardness tests (e.g. Vickers
and Knoop methods) are employed for measuring the surface hardness of the core
and the coating of the tablets [BER 51, JET 83]. These standard tests damage the
microstructure of the tablet and cause loss of product. Also, the measurements apply
only to the surface of the specimen.
In recent years, deformation and compaction characteristics of the tableting
materials have been studied [FEL 68, BAS 90]. However, relatively few studies
have focused on elastic properties of tablet materials (the Young’s modulus, mass
density and Poisson’s ratio of the core and the coating layer of the tablets [RIG 70,
FEL 96]). Fell and Newton [FEL 68, FEL 70] investigated the tensile strength of the
tablets by diametrical compression tests. Felton et al. [RIG 70] focused on the
physico-mechanical properties of film-coated tablets including tensile strength,
Young’s modulus and tensile roughness using a diametrical compression test. In a
diametrical compression test, the tablet is placed between two jaws and crushed. The
force applied to break the tablet is recorded along with the outer dimensions of the
tablet and tensile strength is calculated. The determination of the tensile strength of
individual tablet components is used to predict the resultant tensile strength of the
tablet as a whole.
Tensile strength and the elastic modulus of free films prepared from aqueous
dispersions containing the acrylic resin copolymers were studied by several
researchers [STA 81, GUT 93, GUT 94]. Since the free films are fabricated utilizing
a casting method, a recent study compared the properties of cast films to sprayed
films [GUT 94]. It was reported that the mechanical property variation of the
sprayed films was lower and the tensile strength was higher than the cast films.
Based on the first principles, Payne et al. [PAY 96] and Roberts et al. [ROB 00]
developed a molecular modeling approach for predicting the Young’s modulus of
compacts and tableting materials. A mechanical model of crystal structure was used
to determine the crystal lattice energy, from which Young’s modulus of a series of
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compacts prepared from aspirin and polymorphs of primidone, carbamazepine and
sulphathiazole could be predicted. However, it is difficult to obtain the bulk of the
elastic properties of tablet materials using this approach.
In recent years, acoustic emission (AE) techniques during processes have been
widely utilized in the pharmaceutical industry for monitoring granular materials to
predict the flow, particle size and compaction properties of the final granules. Obara
et al. [OBA 94] differentiate the deformation mechanics of single crystals of lactose
monohydrate and anhydrous lactose by acoustic emission. It is reported that acoustic
emission techniques can be employed to predict the compaction properties and
brittleness of tableting materials if the bulk material is characterized by a single
crystal. By computationally analyzing the acoustic peaks related with the particle
compression and decompression, the deformation mechanism and capping tendency
can be predicted. Measuring AE from process chambers allows for the identification
of various phenomena that can occur during powder compaction of pharmaceutical
products, such as granular rearrangement, fragmentation, visco-plastic deformation
of grains or granules [HAK 95]. AE is a passive acoustic technique and therefore
control over the nature of excitation is impossible. As a result, its applications to the
mechanical integrity testing and evaluation of drug tablets are relatively limited.
As reviewed in Hardy and Cook [SER 02] the infrared spectroscopy (NIR) is a
non-destructive technique used for monitoring and predicting the end-points of
granulation and drying operations. The use of NIR in predicting tablet hardness has
been considered [HAR 03, BLA 06]. However, NIR’s sensitive calibration and
validation requirements for tablet hardness models remains its major challenge in
becoming a practical tool.
A number of non-contact techniques have been developed and adopted in various
industries, such as (i) EMAT (electro-magnetic acoustic transducer)-based systems,
(ii) optical methods and (iii) spectroscopy-based approaches (IR, near-IR, Raman
scattering, plasmon resonance). Non-destructive testing technologies based on
EMATs are inapplicable to the determination of mechanical properties of tablets
since tablet materials are not typically electrically conductive. Optical methods are
often irrelevant in sub-surface mechanical property analysis due to the fact that, in
general, drug tablets and coating layers are opaque at the visible and non-visible
light wavelengths. In tablet integrity applications, optical techniques provide indirect
methods for mechanical property monitoring and evaluation. In the past few
decades, spectroscopic techniques have been used in monitoring various process
parameters such as moisture and blending properties of powders. In these
measurements, surface properties are sufficient but the penetration of the
electromagnetic waves inside the material is typically not required or impossible.
However, there is no general method to determine the Young’s modulus and
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Poisson’s ratios of the core and coating layer of tablets based on the knowledge of
the properties of constituent components.
9.3. Non-contact excitation and detection of vibrational modes of drug tablets
Non-contact testing eliminates potential complications associated with sensortablet contact. In contact ultrasonic testing, a transducer touches the surface of a
sample and a gel called couplant is applied at the interface to increase the acoustic
transmission efficiency. As a result, contact testing is labor intensive and/or slower,
and the sample is often damaged during testing.
Ultrasonic transmission and reception of the acoustic waves generated by a
transducer into a structure is fundamentally governed by the ratio of the acoustic
impedances of the transducer tip and the structure. Acoustic impedance is defined by
cL × ρ where cL is the speed of the longitudinal wave and ρ is the material mass
density. In many applications, contact is formed between the tip of the transducer
and the structure with the help of a couplant (gel) material which is a third medium.
While this approach increases the acoustic transmission, the requirement of contact
poses a problem when no contact with the structure is desired. However, by using
very sensitive electronics and transducers with impedance matching layers, it has
been demonstrated that the air column between the transducer and the structure can
be used as a conduit for the transmission of ultrasonic waves even though air
coupling in both transmission and reception could pose other complications such as
low level signals.
In air-coupled acoustics using undamped resonant transducers for the conversion
between electrical energy and kinetic energy of transducer, movement is maximized.
Typically, a set of specially designed receiver and transmitter transducers are
employed to match the resonant frequency. In addition, the active surfaces of
transducers are multilayered for optimal impedance matching.
In many testing and evaluation applications where material and geometric
irregularities in a structure are sought, sinusoidal transmitter excitation signals
(continuous wave (CW) or tone burst) rather than single rectangular or “spike” pulse
are used. Thus, the pulse contains considerably more energy and by matching the
tone burst frequency to the transducer resonance frequency, maximum energy
transfer is obtained. This approach provides two main disadvantages: (i) due to the
long pulse, accurate measurement of timing could be difficult, but this is not
normally an issue since in through-transmission only amplitude is measured and (ii)
due to its narrow band, the response of the test piece at frequencies other than the
excitation frequency is unknown.
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The losses due to the large impedance mismatch between the air (gas) and the
transducer ceramic (solid) can be reduced by an acoustic matching layer of a suitable
material. Porous materials such as lightweight polymers are used due to their
intermediate impedance. The matching layer sometimes is used as an acoustic lens
to focus the acoustic beam. Since amplitudes are very low, a low-noise preamplifier
is mounted directly adjacent to, or incorporated into, the receiving transducer in
order to minimize any noise picked up on the cables.
Using tunable narrow band filters, matched to the tone burst frequency, the
signal-to-noise (S/N) ratio may be optimized. Also, signal averaging and digital
filtering techniques may be used to further improve the S/N ratio. However, these
often degrade the effective sample rate. Since the PRF is normally constrained by
the sound path time, which is much longer in air due to the lower velocity, signal
averaging frequently imposes unacceptable reductions in scanning speed. It is
however a useful “tool” when making low speed or static measurements.
While the use of air-coupled acoustics has proven useful in evaluating largescale structures (compared to the diameter of the transducer), its use in smaller
structures has been rather limited mainly due to masking interactions between the
wave field originated from the transducer and the field transmitted through the
structure when air-coupled detection is employed.
In the presented approach, various air-coupled excitations sources including aircoupled transducers and pulser-lazer sources are considered. To eliminate the
problem of masking interactions of incident and transmitted fields, a fiber optic
interferometer for measuring the acousto-vibrational out-of-plane response of a
tablet is used as a receiving sensor.
A lazer Doppler vibrometer (LDV) is based on the principle of the detection of
the Doppler shift of coherent lazer light, that is scattered from a small area of the test
object. The object scatters or reflects light from the lazer beam and the Doppler
frequency shift is used to measure the component of velocity which lies along the
axis of the lazer beam. Polytec lazer vibrometers use heterodyne interferometers
with an acousto-optic modulator in one arm of the interferometer. This generates a
frequency modulated carrier signal in the RF (radio frequency) region, whose central
frequency is identical to that of the acousto-optical modulator drive signal. The
directionally sensitive Doppler information is thus contained in the RF carrier: the
signed object velocity determines sign and amount of frequency deviation with
respect to the center frequency. Lazer vibrometers are typically two-beam
interferometric devices which detect the phase difference between an internal
reference and the measurement beam. The measurement beam is focused on the
target and scattered back to the interferometer.
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The dynamic response of a structure depends on the spatial distribution of its
stiffness and mass, that is, the properties of its materials and its geometric attributes.
Any change in the properties of these two components results in an alteration in the
dynamic response of the structure. This observation has been the starting point of
many mathematical techniques and practical monitoring tools developed for the testing
and characterization of structures based on their dynamic response to external
excitations.
In the case of drug tablets, the alteration of their stiffness and/or geometric
attributes can be an indicator for compromise in their fundamental pharmaceutical
function. As discussed above, various methods for testing and characterization
techniques have been developed. While these approaches are effective in obtaining
particular properties of drug tablets, they require contact with the tablet and almost
always destroy the specimen. When contact and destructive methods are undesirable
and/or impossible to use, non-contact, non-destructive techniques can be employed.
In the following, various types of excitation mechanisms are discussed: (i) aircoupled transducers, (ii) lazer-induced plasma shock waves and (iii) a pulsed lazer
excited acoustic radiator as well as (iv) contact ultrasonic transducers.
9.3.1. Air-coupled excitation via transducers
The vibrational modes of a tablet can be excited via an air-coupled transducer. The
drug tablet is vibrated via an acoustic field generated by the air-coupled transducer in a
frequency range sufficiently high to excite several vibrational modes of the tablet. This
technique requires no physical contact with the tablet and operates in the microsecond
time-scale. The experimental set-up developed for the current air-coupled study
incorporates a square pulser/receiver, an air-coupled transducer, a lazer interferometer,
a vibrometer controller and a digitizing oscilloscope, as well as a vacuum handling
apparatus consisting of a vacuum wand and a vacuum pump with a suction power of
–30 kPa (Figures 9.1 and 9.2). The pulser/receiver unit excites an air-coupled
transducer with a square pulse at a central frequency of 120 kHz. The acoustic field
generated on the active surface of the transducer interacts with the tablet and its
vibrational modes are excited. The lazer interferometer measures the transient out-ofplane motion of a particular point on the surface of the vibrating tablet.

Non-contact Mechanical Characterization and Testing of Drug Tablets

335

Figure 9.1. Diagram of the P-tablet mounting apparatus
with the vacuum wand configuration

An ideal tablet holding configuration must not interfere with the acoustic field
exciting the vibrational motion of the tablet, while holding the tablet firmly with a
minimal contact area. Experiments indicate that the mounting techniques of a tablet
play an important role in the accuracy and sensitivity of transient response
measurements. The main advantages of the vacuum wand include the firmness of
grip, minimal contact surface area with the tablet and rapidity of the handling
apparatus. In addition, the vacuum wand is used to transport individual tablets from
the tablet holding area to the test point (Figure 9.2(a) and 9.2(b)).
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a)

b)
Figure 9.2. Images of the bottom excitation configuration using a 120 kHz transducer
with a vacuum wand holding the tablet in place (a, b). The interferometer lazer
beam is visible on the top of the tablets

9.3.2. LIP excitation via a pulsed lazer
In this excitation mechanism, a shockwave field created by lazer-induced plasma
(LIP) is utilized. The pulse energy in this method is many orders of magnitude
higher than that of an acoustic pulse generated by an average air-coupled transducer.
In the experiments reported here, the incident lazer pulse is focused by a planoconvex lens. As a result of high power concentration near the focal point of the lens,
an expanding plasma core is created by dielectric breakdown of air. This plasma
expansion results in a strong shock wavefront generating a transient pressure field in
the air. The wavefront propagates and exerts a transient pressure field on the sample
tablet. The tablet vibrates at its various resonance frequencies as a result of its
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interactions with the shockwave front. The lazer interferometer captures the transient
surface displacement response of the tablet.
The schematic instrumentation diagram for the experimental set-up for the
experiments reported in this study is depicted in Figure 9.3(a). The test tablet is fixed at a
distance of approximately 30 mm away from the plasma core, perpendicular to the lazer
beam. At this distance the plasma core cannot achieve contact with the drug tablet since
the expansion of the plasma core is constrained by a specific diameter on the order of a
few millimeters. The lazer interferometer is positioned behind the tablet and its
interferometer beam is focused at the center of the tablet surface (Figure 9.3(b)).

Digitizing oscilloscope

Interferometer
head

Fiber interferometer
Vibrometer controller

Computer/signal
processing

Tablet
Convex lens
Shockwaves

Nd:YAG pulsed lazer

Plasma

a)
Lazer induced
plasma core
Tablet

Convex lens
Interferometer head

Nd:YAG pulsed lazer

b)
Figure 9.3. (a) Instrumentation diagram of the excitation mechanism based
on the pulsed LIP shockwave and (b) the photograph of the experimental set-up
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9.3.3. Vibration plate excitation using direct pulsed lazer irradiation
Another way to vibrate an object using a pulsed lazer is to excite an
intermediate object by exposing its surface to a pulsed lazer beam. In this
excitation mechanism, a metal plate thermoelastically excited by a pulsed lazer
beam without focusing is employed as an acoustic emission source. In the
experimental set-up, the vibration plate (a cylindrical aluminum stud with
5.58 mm thickness and 8.14 mm diameter) is positioned in front of the Nd:YAG
lazer in such a manner that the lazer pulse strikes the center of the vibration plate.
The schematic instrumentation diagram for the experimental set-up is depicted in
Figure 9.4(a).
Due to the rapid thermal expansion created by the transient thermal field (lazer
pulse) deposited on the surface of the plate, the vibration plate oscillates at high
frequencies and emits acoustic fields into its near proximity. In experiments, the
pulsed lazer is operated in single-shot mode to avoid overheating of the vibration
plate. Yet, a sufficiently high number of shots were fired to ensure the
repeatability of the tablet response. Shot-to-shot pulse energy stability of the lazer
was tested and found to be consistent within the time frame of the experiments.
The sample tablet is fixed behind the vibration plate at a distance of approximately
22 mm, which provides sufficient vibrational amplitudes in the tablet (Figures
9.4(b) and 9.4(c)). The dimensions of the vibration plate were chosen to restrict
low frequency excitation components. The lazer interferometer is positioned
behind the sample tablet and the measuring lazer beam is focused at the center of
the tablet surface, as depicted in Figure 9.4(b). The exact location of the
interferometer lazer spot on the tablet is less of a concern since the method under
investigation is based on the modal properties of the tablet. The distance between
the interferometer probe and the tablet is approximately 13.5 cm, which is
determined by maximizing the detection sensitivity of the interferometer. The
experiments are conducted on an optical bench in order to eliminate the influence
of environmental vibrations. Various tests such as blank lazer shots and acoustic
blockage of the shock waves were conducted to overrule the influence of the
environmental effects and the potential electrical cross-talk that might adversely
affect the accuracy of the measurement system. A set of four nominal tablets (A)
and four defective tablets (defect type C) were tested.
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Figure 9.4. (a) Instrumentation diagram of the excitation-based vibration plate,
(b) schematic of the lazer excitation/detection mechanism
and (c) photograph of the experimental set-up

9.3.4. Contact ultrasonic measurements
The Young’s modulus of a tablet core (Ecore) can be obtained using contact timeof-flight ultrasonic measurements. The mass densities of the core (ρcore) and the
coating material (ρcoat) of the tablet are calculated from direct mass measurements of
tablets with various coating thicknesses for a known tablet geometry. Property
predictions based on contact measurements are used for determining initial
mechanical properties and for verifying (non-contact) experimentally obtained
mechanical properties. In determining the Young’s modulus of the core material
(Ecore) of the tablet, a direct measurement ultrasonic method (pulse-echo mode) is
employed. In this experiment, short ultrasonic pulses are generated by a transducer
of a 5 MHz central frequency which transmits them through the tablet. The
ultrasonic pulse is reflected from the rear side of the tablet and returned to the
measurement surface via the shortest possible path. The reflected waveforms are
captured by the same transducer and digitized in an oscilloscope (Figure 9.5). The
thickness of the tablet is known precisely. The time of flight of an acoustic pulse is a
function of its thickness and mass density as well as its Young’s modulus. The
longitudinal velocity of sound cL and Young’s modulus of the core material of the
tablet are easily calculated. Consistent waveforms providing the time of flight across
the tablet thickness for two different tablets are depicted in Figures 9.5(a) and (b).
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The computed Young’s modulus of the core of a sample tablet is included in Table
9.1.
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Figure 9.5. Waveforms indicating the time of flight and multiple reflections across the tablet
cross-section for two different tablets (a, b) in the pulse-echo mode. The first multiple
reflection is used to determine the time of flight through the tablet

9.4. Mechanical quality monitoring and characterization
9.4.1. Basics of tablet integrity monitoring
The main objective of a monitoring and quality control task is to determine
whether the material and geometric properties of a tablet are within certain tolerance
levels of the well-defined properties (specifications) of a master/nominal tablet.
Detection decision is typically based on the deviation of some measures from a
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baseline direct or indirect tablet properties. In the case of acoustic monitoring, the
acousto-vibrational response of a structure is evaluated in order to detect such
material and/or geometric deviations. In defect monitoring, the chief objective is to
rapidly detect tablets with defects rather than measuring their direct properties such
as elastic properties and/or geometric attributes.
In the presented work, tablets with various types of defects are subjected to
impulsive sources such as (i) air-coupled transducers, (ii) lazer-induced plasma
shock waves and (iii) a pulsed lazer excited acoustic radiator as well as (iv) contact
ultrasonic transducers.
The measured transient surface displacements for the four nominal tablets
indicate that the responses of the tablets under the same excitation conditions are
quite consistent (Figure 9.6(a)). Multiple measurements for each tablet were
conducted in order to ensure the stability of the measurement system. This study and
the associated observations established repeatability and stability of the excitation
mechanism and the optical measurement system. The defective tablets (defect type
C) are observed to have considerably higher transient surface displacement
responses compared to the nominal tablets (Figure 9.6(a)). As depicted in Figure
9.6(b), the locations of the resonance frequencies for the nominal tablets used in the
experiments are quite consistent, while the resonance frequency locations for the
defective tablets vary widely from each other. The fast Fourier transform (FFT)
algorithm with appropriate windows from the transient responses reported in Figure
9.6(b) is used for determining the frequency response functions of the tablets. The
interferometer is operated in the out-of-plane displacement mode. In addition, it is
observed that the frequency spectra of the defective tablets exhibited higher
magnitudes than the nominal tablets. Higher amplitudes are expected since the
mechanical integrity of the defective tablets is compromised and their stiffness
(rigidity) is lower than that of the nominal tablet.
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a)

Nominal Tablets
Defect type C Tablets

b)

Nominal Tablets
Defect type C Tablets

Figure 9.6. (a) Transient surface displacement responses excited by the vibration plate
mechanism of the four nominal (A) tablets (solid lines) and defective (defect type C)
four tablets (dashed lines) and (b) their frequency spectra
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In analyzing non-stationary acoustic signals, time-frequency analysis is an
effective computational tool. The time-frequency spectra of the signals provide
temporal and spectral resolutions, simultaneously. Wavelet-based time-frequency
method-based results indicate that the nominal tablets (Figure 9.7(a-d)) display very
similar responses, whereas each defective tablet (Figure 9.7(e-h)) clearly has
different distinctive responses due to the tablet-to-tablet defect variations within the
tablet group. The time-frequency spectrograms of Tablet C3 having very small
defects were found to be quite similar to the nominal tablet responses within the first
wave portion from 100 µs to 130 µs (Figure 9.7(g)). However they are substantially
different from the response of a nominal tablet after 130 µs. The responses of tablets
with more severe defects exhibit large deviations from the nominal ones (Figure
9.7).

Figure 9.7. Time-frequency spectrograms of the vibration plate excited
nominal tablets (a-d), and the tablets with defect type C (e-h)
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(i) Air-coupled excitation via transducers
In these experiments, nominal tablets and tablets with four defect types are
excited with an air-coupled transducer in order to obtain their transient responses.
The four types of defects with different shapes and dimensions are as follows: (a)
nominal, (b) cross, (c) cross-crack, (d) hole, (e) hole-crack (Figure 9.8). Responses
of four tablets of each type under air-coupled excitation are acquired and the
frequency responses are plotted in Figure 9.9. Transient responses (time domain
waveforms) are normalized such that the maximum amplitude of each waveform is
unity.

a

c

e

Figure 9.8. Photographs of tablets with different types of defect: (a) nominal,
(b) cross, (c) cross-crack, (d) hole and (e) hole-crack

b

d
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c)

d)

Figure 9.9. Frequency domain responses: (a) cross, (b) cross-crack,
(c) hole and (d) hole-crack (the solid lines in each figure represent
the frequency responses of nominal tablets)

Various approaches can be adopted to process the waveforms in order to
differentiate defective tablets from the nominal ones. Three basic methods reported
here are summarized as follows.
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Frequency domain quadratic norm: after obtaining the frequency domain
responses, a dimensionless norm is defined as follows:

α ( f 2 − f1 ) =

f2

∫ ( s2 ( f ) − s1 ( f ) )
f1

2

f2

df

∫ ( s ( f ))
1

2

df

(9.1)

f1

where s1 is the frequency response of the reference nominal tablet and s2 is the
frequency response of the tablet being examined (f: frequency); both s1 and s2 are in
dB scale and the norm bandwidth is from f1 to f2. Therefore, the frequency domain
norm of a nominal tablet with respect to a reference nominal tablet is expected to be
small. This quantity (equation (9.1)) should be sufficiently higher for defective
tablets (see Figure 9.10). The reference tablet is chosen to be the nominal Tablet 1.
The norms corresponding to other nominal tablets and defective tablets are
estimated with respect to this tablet. The norms corresponding to the cross-crack
defect type are very high indicating large damage. The size and extent of this defect
can be verified by visual inspection (see Figure 9.8).
Cross-correlation at zero time shift: in analyzing non-stationary signals, crosscorrelation of two signals is an effective computational tool for determining the
degree of similarity between the two signals. The cross-correlation Cxy of two
signals is defined as:

Cxy (m) =

N − m −1

∑
i =0

xi + m yi

(9.2)

where x and y are two digitized signals, with each signal having N measured data
points. The coefficients indicate if the signals are generated from tablet with similar
material properties and structural attributes. It is well known that the structural
attributes of a defective tablet differ from those of a nominal tablet. The crosscorrelation coefficients should ideally reflect the differences. To this end, the
coefficient at m = 0, the coefficient at zero time shift, can be used. The signal of a
nominal tablet can be chosen as the reference signal (x in equation (9.2)). Then, the
other signal in equation (9.2) is the signal of a tablet that is being tested. The higher the
value of the coefficient at zero time shift, the more similar the signals, which indicates
less damage. If the coefficient is normalized, the value of this coefficient is expected to
be close to unity for nominal tablets. This is because the degree of similarity between
the signals of two nominal tablets is expected to be the highest. In contrast, the degree
of similarity between the waveforms of a nominal tablet and a defective one is
expected to be comparatively low. Results of this estimation for a set of nominal and
defective tablets are calculated and compared as shown in Figure 9.10. As depicted in
Figure 9.10, the coefficients of nominal tablets are close to one whereas the
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coefficients corresponding to the defective tablets are sufficiently low. The coefficients
corresponding to the cross-crack defect type are very low indicating large damage.

0.18

Dimensionless Norm

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

Nominal

Cross

Cross-crack

Hole

Hole-crack

Figure 9.10. Estimated frequency domain quadratic norms
of tablets with different defect types.

Similarity norm: based on the cross-correlation coefficients, a dimensionless
similarity norm is defined as follows:

β xy =

C xTy C x y
C xTx C x x

(9.3)

where Cxy is column vector and the superscript T denotes the transpose of the vector.
The vector Cxx is the autocorrelation of the vector x, the reference waveform (for
example, the waveform of nominal Tablet 1). The norms corresponding to the
nominal tablets and defective tablets are estimated with respect to Tablet 1 (Figure
9.11). The norms of nominal tablets are close to one whereas the coefficients
corresponding to the defective tablets are sufficiently low indicating a low degree of
similarity (Figure 9.11). The values of Cxy (equation (9.3)) appear to give a better
indication of the damage extent than the coefficient at zero lag gives. For example,
the norms corresponding to the cross-crack defect type are nearly zero, whereas
cross-correlation at zero lag is approximately 14% (Figure 9.12).
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Figure 9.11. Similarity norm of nominal and defective tablets
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Figure 9.12. Estimated coefficient at zero-th time shift of nominal and defective tablets

(ii) Lazer-induced plasma shockwaves
The transient responses of tablets under the lazer-induced plasma excitation are
depicted in Figure 9.13(a). The nominal and defective tablets (defect type H) are
observed to have visibly similar responses in the time domain. This is due to the fact
that the defect type “H” is merely a small shallow circular hole (diameter of
approximately 500 mm) drilled on one side of a nominal tablet (Figure 9.14(b)).
Clearly it is difficult to distinguish these small defects from the raw waveforms.
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From the frequency spectra of the responses (Figure 9.13(b)) it is observed that the
locations of the resonance frequencies for various nominal tablets are quite
consistent. However, in the case of the defective tablets, the resonance frequency
locations vary visibly (Figure 9.13(b)). Furthermore, the frequency spectra of the
defective tablets exhibit higher magnitudes than the nominal tablets.
a)
Nominal Tablet
Tablet Defect H

b)
Nominal Tablet
Tablet Defect H

Figure 9.13. (a) Transient surface displacement responses excited by the LIP shockwaves
mechanism of the six nominal (A) tablets (solid lines) and defective (defect
type H) six tablets (dashed lines) and (b) their frequency spectra
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A

C

a)

b)
Figure 9.14. (a) Photographs of different tablet samples: A denotes a nominal tablet and C
denotes a cracked tablet (tablet defect type C), and (b) the tablet samples with defect type H
(small hole drilled at the back). The diameter of the hole is approximately 500 µm

Cross-correlation coefficients for the transient displacement responses, between
the response of a nominal tablet (reference) and each individual nominal (type A)
and defective tablet (type H), are calculated. The normalized peak values of the
cross-correlation coefficient, which measures the degree of similarity of a tablet
response to the reference waveform, are summarized in Figure 9.15. It is observed
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that the nominal tablet responses clearly exhibit a higher degree of similarity to the
reference nominal tablet compared to the defective tablets. Moreover, from the timefrequency spectrograms of the nominal and defective tablets, it is observed that the
nominal tablets (Figure 9.16(a-f)) display similar responses, whereas the defective
tablets (Figure 9.16(g-l)) have responses different from each other and from those of
the nominal tablets.
1.02

Nominal Tablet

1

Defect H Tablet

0.98

Correlation factor

0.96
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0.9
0.88
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7

8

9

10

11

12

Tablet sample no.

Figure 9.15. Time-amplitude correlation coefficients between the transient responses of the
nominal tablets and tablets with defect type H excited by the LIP shockwaves.
The horizontal dashed lines indicate the group averages

In analyzing non-stationary acoustic signals, time-frequency analysis is an
effective computational tool. The time-frequency spectra of the signals provide
temporal and spectral resolutions, simultaneously. Wavelet-based time-frequency
method-based results indicate that nominal tablets (Figure 9.7(a-d)) display very
similar responses, whereas each defective tablet (Figure 9.7(e-h)) clearly has
different distinctive responses due to the tablet-to-tablet defect variations within the
tablet group. The time-frequency spectrogram of Tablet C3 having very small
defects were found to be quite similar to the nominal tablet responses within the first
wave portion from 100 µs to 130 µs (Figure 9.7(g)). However, it substantially
differentiates from the response of a nominal tablet after 130 µs. The response of
tablets with more severe defects exhibits large deviations from the nominal ones
(Figure 9.7).
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Figure 9.16. Time-frequency spectrograms of the LIP shockwaves excited
nominal tablets (a-f) and the tablets with defect type H (g-l)
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(iii) Pulsed lazer excited acoustic radiator
The measured transient surface displacements for the four nominal tablets
indicate that the responses of the tablets under the same excitation conditions are
quite consistent (Figure 9.4(a)). Multiple measurements for each tablet were
conducted to ensure the stability of the measurement system. This study and the
associated observations established repeatability and stability of the excitation
mechanism and the optical measurement system. The defective tablets (defect type
C) (Figure 9.1(a)) are observed to have considerably higher transient surface
displacement responses compared to the nominal tablets (Figure 9.4(a)). As depicted
in Figure 9.4(b), the locations of the resonance frequencies for the nominal tablets
used in the experiments are quite consistent while the resonance frequency locations
for the defective tablets are widely varied from each other. The fast Fourier
transform algorithm with appropriate windows from the transient responses reported
in Figure 9.4(a) is used for determining the frequency response functions of the
tablets. The interferometer is operated in the out-of-plane displacement mode in
which its bandwidth is 50 kHz-30 MHz for the amplitude range of ± 75 nm. In
addition, the frequency spectra of the defective tablets exhibited higher magnitudes
than the nominal tablets. Higher amplitudes are expected since the mechanical
integrity of the defective tablets is compromised and their stiffness (rigidity) is lower
than that of the nominal tablet.
In analyzing non-stationary acoustic signals, time-frequency analysis is an
effective computational tool. The time-frequency spectra of the signals provide
temporal and spectral resolutions, simultaneously. A wavelet-based time-frequency
method is employed in this study. From the time-frequency spectrograms it is
observed that the nominal tablets (Figure 9.5(a-d)) display very similar responses,
whereas each defective tablet (Figure 9.5(e-h)) clearly has different distinctive
responses due to the tablet-to-tablet defect variations within the tablet group. The
time-frequency spectrogram of tablet C3 having very small defects were found to be
quite similar to the nominal tablet responses within the first wave portion from
100 µs to 130 µs (Figure 9.5(g)). However, it substantially differentiates from the
response of a nominal tablet after 130 µs. The responses of tablets with more severe
defects exhibit large deviations from the nominal ones (Figure 9.5).
9.4.2. Mechanical characterization of drug tablet materials
In tablet defect monitoring, the closeness of a tablet to the nominal tablet
according to a deviation measure/norm is tested. In the techniques introduced here,
the acousto-vibrational/transient response of the tablet under a non-contact
excitation is used as a characteristic quantity. While it has been demonstrated that
the computational techniques discussed in section 9.4.1 are useful in differentiating
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“good”/nominal tablets from defective tablets (e.g. monitoring applications), they
would provide limited information about the type of defect which might be helpful
in assessing the defect and its sources. In addition to assessment of its defective
state, in many applications, the mechanical and geometric properties of a tablet are
of interest.
In the acoustic mechanical characterization of a tablet, the mechanical material
properties and critical geometric dimensions of the tablet are extracted (predicted)
from its transient response to an external excitation. In this study the Young’s
moduli, Poisson’s ratios and mass densities of the tablet core and coating materials,
as well as the thickness of the coating layer, are taken as the characterization
parameters. These parameters are related to a set of resonance frequencies of the
tablet and the sensitivity of the resonance frequencies to material properties are
required to be studied.
While the monitoring of these parameters can lead to a defect detection
procedure, the speed of such a procedure due to the size of the required
computational task would limit its uses in applications needing rapid detection.
Physical and mechanical/elastic properties of the tablets, such as density,
Young’s modulus, hardness and/or strength are primarily determined during the
compaction process. These properties affect tablet integrity and drug availability.
The compaction properties of pharmaceutical formulations can be studied
experimentally using various techniques (e.g. instrumented production presses and
compaction simulators). Porosity-axial stress curves are generated as tablet
characteristics. In general, the axial stress is determined by measuring the axial
force, whereas the porosity is determined by measuring the tablet dimensions and
mass as well as by direct measurement techniques such as helium pycnometry.
Porosity-axial stress functions can be used for the rough/approximate comparison of
materials [SIN 04].
A wide variety of binders may be used, some common ones including lactose
powder, sucrose powder, tapioca starch (cassava flour) and microcrystalline
cellulose.
As in other structures, the vibrational spectral properties of a tablet are related to
its mechanical properties (e.g. Young’s moduli (Ecore, Ecoat), Poisson’s ratios (νcore,
νcoat) and material mass densities (ρcore, ρcoat) of the core and the coating layer) as
well as its geometry (e.g. shape and dimensions of the core and the coating layer).
By using a finite element (FE) algorithm such as the Lanczos method, the spectral
properties of the tablet (e.g. a set of resonance frequencies and corresponding mode
shapes) can be obtained provided that the mechanical properties and geometry of the
tablet are available. However, the extraction of the tablet mechanical properties from
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its measured resonance frequencies requires the use of an iterative computational
procedure such as Newton’s method.
In the finite element study, a three-dimensional mesh for the tablet is modeled as
a homogenous and isotropic elastic solid consisting of a core and a coating layer for
numerical predictions of the tablet resonance frequencies. The top, front and side
views illustrating outer dimensions and cross-sectional area of the coated tablet with
a coating thickness of 120.3 µm used in the FE analysis are depicted in Figure 9.17.
For a characteristic element size of 250 µm, the number of elements is
approximately 63,000. The Lanczos eigenvalue solver implemented in the
commercial software package ABAQUS is used to obtain the resonance frequencies
of the modeled tablet in a specified frequency range.

(b)

(a)

11.45

5.79

1.95 mm

(d)

(c)

3.33 mm

Figure 9.17. The dimensions of a coated tablet with its top (a), front (b)
and side (c) views. The coating thickness is 120.3µm (d)
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Displacement (nm)

Resonance frequencies of the tablet are obtained by applying the FFT on the
acquired waveforms under air-coupled excitation. The bandwidth of the
measurements is limited to 105-150 kHz due to the bandwidth of the transducer
employed in the experiments (Figure 9.18).
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Figure 9.18. Transient displacement (a) and frequency response (b) of a spot on the active
surface of the 120 kHz transducer under a square pulse excitation with the pulse width
of 8.33 µsec and the amplitude of 100 V. Shaded area indicates
the bandwidth of the air-coupled transducer

In the experiments conducted with the vacuum wand, the resonance frequencies
and the displacement of the tablet are clearly apparent. The transient surface
displacement responses and frequency responses for three tablets were measured
utilizing the vacuum wand mounting apparatus (Figure 9.19).
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Figure 9.19. Waveforms of three tablets held with the vacuum wand (a, b, c)
and comparison of their frequency responses (d). The shaded area indicates
the bandwidth of the air-coupled transducer
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9.4.3. Numerical schemes for mechanical property determination
In order to extract the mechanical property parameters of sample tablets (Ecore,
Ecoat, νcore, νcoat, ρcore, ρcoat) from their resonance frequencies, an iterative procedure
based on Newton’s method is adopted. From the FE study it is observed that shifts in
resonance frequencies are linear with the changes in the mechanical properties, and
no intersection of modes is observed within ± 20% variation of the initial (estimate)
mechanical properties. If any mode is traverse, the corresponding resonance
frequencies will not coincide with their ordered mode shapes. This observation
necessitates that all mode shapes and related resonance frequencies must be verified
before continuing the inversion process.
The sensitivity analysis is based on the assumption that there is a well-defined
relationship regarding a change in certain parameters of interest, with another
parameter or parameters of interest [SAL 04]. In this type of analysis, a series of either
numerical or actual tests are conducted, in which the mechanical properties are altered
in order to determine the relationship between changes in mechanical properties and
corresponding changes in natural frequencies. From these sensitivity coefficients, the
actual mechanical properties can be extracted within ranges of parameters.
In the mechanical property extraction, the initial (estimate) mechanical property
vector is chosen p * (Table 9.1) and the corresponding resonance frequency vector f *
is calculated via FE (Table 9.2). Each mechanical property parameter (Ecore, ρcore, νcore,
Ecoat, ρcoat, νcoat) and mode numbers obtained from FE are denoted by indices i and j,
respectively. Consistent six modes calculated from FE (j = 1, 2, …, 6) for p *
compared to experimentally obtained resonance frequencies f v e , f v e , f v e (Table
1
2
3
9.2) for the three tablets are selected for sensitivity calculations. The ith component of
*
p is perturbed by a factor of (1 + ε ) and the six resulting perturbed material property
vectors are denoted by pi (i = 1, 2, …, 6). The FE model is run with pi to determine
the corresponding six resonance frequency vectors f i ' and their shifts ∆f . Using the
first term in Taylor’s expansion, the sensitivity coefficient vector {s} is approximated
for i = 1, 2, …, 6 as:

∆ fi =

∂f j
∂Ε Core

∆Ε Core +

∂f j
∂ρ Core

∆ρCore +
+

∂f j
∂ρ Coat

∂f j
∂ν Core

∆ν Core +

∆ρCoat +

∂f j
∂ν Coat

∂f j
∂Ε Coat

∆Ε Coat
(9.4)

∆ν Coat + 0(. )
2
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After evaluating (equation (9.4)) for i = 1, 2, …, 6 in order to calculate the
sensitivity coefficients for j = 1, 2, …, 6, the sensitivity tangent matrix [ Sε ] is
constructed for the selected six modes. Using [ Sε ] the change in mechanical
properties vector can be approximated by:

{∆ p} = [ Sε ]−1 ⋅ {∆ f }

(9.5)

where ∆f = f v e − f * , and {∆p} is the change in mechanical properties after the
completion of an iteration with the perturbation p e = p * + ∆p (Table 9.1) where
each iteration step is denoted by k. In this study, a number of iterations are executed
to approximate values for Ecore, Ecoat, νcore, νcoat, ρcore and ρcoat using equation 9.5. It
is determined that once singularity is observed in the tangent matrix [ Sε ] and {∆p}
values converge to zero. The value of p* used in the last iteration corresponds to
the experimental mechanical property vector p e of the core and coating of the tablet
since ∆p ≅ 0 (Table 9.1).
After extracting the mechanical properties for each tablet, the FE analysis is
employed to determine the corresponding resonance frequencies f1e , f 2 e , f 3e for
verification purposes (Table 9.2). Due to tablet-to-tablet variations, small
differences are observed in mechanical properties and resonance frequencies
among three tablets. Within ± 20% variations of the mechanical properties,
changes in resonance frequencies are calculated approximately in the range of
±1.5% as given in Table 9.1 and Table 9.2. The error percentage between the
experimental resonance frequencies f v1 e , f v2 e , f v3 e and the FE resonance
frequencies f1e , f 2 e , f 3e corresponding to extracted mechanical properties is
within ±1.5% for three sample tablets (Table 9.2).
It is also determined that the sensitivity order of resonance frequencies regarding
changes in mechanical properties in a decreasing order of sensitivity are as follows
Ecore, ρcore, Ecoat, ρcoat, νcore and νcoat (Figure 9.20). It is concluded that the reliability
of this computational approach for the Poisson’s ratios for the core and the coat is
rather low due to their low sensitivity to the change in the tablet mechanical
properties. Convergence of the mechanical property parameters of Tablet 1 is
observed (Figure 9.21). The local convergence of each mechanical property was also
demonstrated.
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νcoat

Figure 9.20. Normalized sensitivities of the resonance frequencies of Tablet 1 to the changes
in Ecore, ρcore, νcore, Ecoat, ρcoat and νcoat for the modes 8, 9, 11, 13, 14 and 15

Figure 9.21. Convergence of Ecore of the Tablet 1 during the sensitivity iterations
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Table 9.1. p * is the vector of starting mechanical property for the iterative computational
procedure. p1e , p2 e , p3e are the extracted mechanical property vectors upon completion of
c
iterative procedure for p * for Tablet 1, Tablet 2, Tablet 3, respectively. p is the measured
and estimated mechanical property vector; Εcore is calculated from the contact measurements,
ρcore and ρcoat are calculated from direct mass measurements (†). Percentage convergences of
initial and experimental mechanical property vectors are shown for three tablets. The
estimated mechanical properties (νcore, Εcoat, νcoat) for p c are indicated by an asterisk

Modes

f*

f1e

f 2e

f3e

Convergence (%):

f * – f1e

Tablet 1 Tablet 2 Tablet 3
8

107,331 109,135 109,338 109,675

–1.653

–1.835

–2.137

9

112,089 112,175 113,391 113,750

–0.076

–1.148

–1.460

11

120,891 122,621 122,869 123,235

–1.411

–1.609

–1.902

13

122,150 123,863 124,118 124,492

–1.383

–1.585

–1.881

14

131,641 131,646 133,017 133,362

–0.004

–1.034

–1.290

15

136,547 138,418 138,776 138,157

–1.352

–1.606

–1.165

Modes

fc

f v1e

f ve2

f ve3

Error (%):

f c – f v1e

Tablet 1 Tablet 2 Tablet 3
8

109,085 109,137 109,412 109,210

–0.047

–0.298

–0.114

9

112,149 112,181 111,910 112,150

–0.028

–0.213

–0.00089

11

122,562 122,629 121,525 121,810

–0.054

–0.853

–0.617

13

123,821 123,870 123,805 124,115

–0.039

–0.013

–0.237

14

131,627 131,655 131,220 131,830

–0.021

–0.310

–0.154

15

137,425 138,480 138,505 138,155

–0.762

–0.779

–0.528

Table 9.2. f * and f c are the FE resonance frequency vectors corresponding to p * and
p c , respectively. f1e , f 2 e , f 3e are the FE resonance frequency vectors, upon completion
of sensitivity analysis, corresponding to p1e , p2 e , p3e of Tablet 1, Tablet 2, Tablet 3,
respectively. f v1 e , f v2 e , f v3 e are the experimental resonance frequency vectors
directly measured with the vacuum wand for Tablet 1, Tablet 2, Tablet 3
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9.5. Conclusions, comments and discussions
Two pulsed lazer and one air-coupled techniques for acoustic excitation of drug
tablets have been proposed as excitation mechanisms and the results of evaluative
tablet defect detection experiments are summarized. It is demonstrated that noncontact detection techniques based on these types of excitation are promising in drug
tablet defect monitoring and characterization. In all excitation mechanisms, acoustic
waves are imparted on the test tablets and their transient surface displacement
responses are measured by a lazer interferometer. From the analysis of frequency
spectra, and the time-frequency spectrograms obtained, it can be concluded that
defective tablets can be effectively differentiated from the nominal ones. According
to the vibration plate experimental results, it is possible to distinguish the degree of
defect(s) in a tablet. From the frequency spectrum of the transient responses under
LIP excitation, it is found that it is possible to distinguish even tablets with shallow
circular holes with diameters of approximately 500 mm (defect type H). The
correlation data presented depicts the degree of similarity of defective tablets (defect
type H) with a nominal tablet (A), thus it is possible that the level of defect can be
predicted. The main use of the correlation data is that even very small defective
levels (defects that are undetectable in time-domain) can be detected in tablets. It is
demonstrated that a shallow hole (defect H) can be detected using the lazer-induced
plasma excitation mechanism, this implies that LIP could be a more effective
excitation mechanism than the direct lazer shooting of a vibration plate in this
particular application.
It is experimentally established that nominal tablets exhibit quite consistent
transient responses and therefore defective tablets having different results can be
easily detected using either excitation mechanism. The experimental results clearly
indicate that the proposed excitation and sensing approaches utilizing either the
vibration plate mechanism or the lazer-induced plasma mechanism are effective
novel methods that can be utilized in drug tablet quality assurance.
In addition to the two lazer excitation techniques, the air-coupled excitation
technique based on air-coupled excitation of a tablet and lazer interferometric
detection of tablet surface vibrations has been used. Utilizing various signal
processing techniques on the transient response of a tablet, the vibration data are
numerically analyzed to extract a number of signal features that are potentially
indicative of defects in tablets. Three main features are developed to predict four
different types of defect, namely: (i) frequency domain quadratic norm, (ii) crosscorrelation at zero lag and (iii) similarity norm. The frequency domain quadratic
norm represents a measure of the difference between the frequency responses of two
tablets. Therefore, the frequency domain norm of a nominal tablet with respect to a
reference nominal tablet is expected to be small. The values of this norm should be
sufficiently higher for defective tablets. On the other hand, both cross-correlation at
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zero lag and similarity norm are estimated by utilizing cross-correlation signal
processing technique and are indicative of the nearness of two signals. Therefore,
each of these quantities estimated for a nominal tablet with respect to a reference
nominal tablet is expected to be high and should be close to unity if nondimensionalized. This quantity should be sufficiently lower for defective tablets.
The results of four defect types are summarized here. The following conclusions can
be made: (i) from the estimation of all three features, the defective tablets appear to
be clearly discernible from the nominal ones; (ii) in the case of cross-crack defect
type, the value of each feature is much different from that of the nominal type and
this clearly indicates large damage. This observation is consistent with what one
would expect because the damage is in fact large which can be verified by visual
inspection (Figure 9.8); (iii) the estimated value of each feature for hole type is
sufficiently removed from that for nominal tablets. Thus, these features can be
utilized to detect even small defects; (iv) although both cross-correlation at zero lag
and similarity norms are estimated from the same set of cross-correlation
coefficients, similarity norm appears to give a better indication of damage than other
features do. For example, in the case of cross-crack defect, the similarity norm
nearly vanishes, whereas cross-correlation at zero lag is about 14%. This happens
because the similarity norm is a comprehensive measure of all cross-correlation
coefficients.
The frequency domain plots for different defect types indicate that the transient
data (vibration signals) acquisition from the experiments is repeatable and
consistent. In the numerical analysis of these waveforms it is established that the
transient responses of nominal tablets can be clearly discernible from that of the
defective tablets. To this end, any number of features can be extracted from the
responses and monitored in order to build confidence in making final decision on the
state of a tablet. Extraction of three features is described. Moreover, the results of
different features can be compared and the better ones can be chosen. Therefore, the
proposed approach has potential to be used as a platform for the quality assurance in
the manufacturing of drug tablets.
In order to characterize material properties and geometric attributes of tablets, a
finite element method-based computational procedure for extracting mechanical
property parameters from the vibrational responses of tablets is detailed. The
effectiveness of the procedure for extracting the mechanical properties (Young’s
modulus, Poisson’s ratio and mass density) of both the core and coating layer of
tablets from a set of experimentally obtained resonance frequencies is demonstrated.
The experimental results indicate that the resonance frequency sets are consistent
compared to the finite element-based computational resonance frequencies. A main
conclusion is that mechanical properties can be extracted utilizing the proposed
experimental technique, along with an iterative computational procedure based on
subsets of the resonance frequencies of the tablet. Acquired experimental resonance
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frequencies agree quantitatively well with the FE-based computational resonance
frequencies corresponding to the extracted mechanical properties.
The sensitivity of the vibrational spectral properties of a tablet to the changes in
material properties is of interest in characterization and monitoring applications. The
sensitivity analysis summarized here reveals that the resonance frequencies of a
sample tablet are most sensitive to the change in the core of Young’s modulus Ecore
and least sensitive to the change in the coating of Poisson’s ratio νcoat. It has been
demonstrated that it is possible to predict the mechanical properties (Ecore, Ecoat, νcore,
νcoat, ρcore, ρcoat) of drug tablets with the proposed lazer-acoustic approach and the
computational scheme. To the best of our knowledge, these predictions are the first
in pharmaceutical industry. The relevance of this procedure to the pharmaceutical
industry includes the possibility of online tablet monitoring apparatuses that would
ultimately reduce production costs and improve both drug tablet quality and dosage
effectiveness.
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Chapter 10

Split Hopkinson Bars
for Dynamic Structural Testing

10.1. Introduction
Split Hopkinson bars have been widely used for the characterization of dynamic
behavior of engineering materials such as the dynamic flow stress of ductile metals
[GRA 00]. As briefly described in the next section, these devices rely on the stress
wave propagation in elastic bars to apply dynamic load on a specimen and to
measure the loading and deformation histories in the specimen. This principle of
using stress waves to detect mechanical events remotely was originally introduced
by Hopkinson [HOP 14] and has become an established method in the data
reduction of various split Hopkinson bar tests. Recently, in addition to the material
coupon tests for material properties, the stress wave loading/detection principles are
employed to characterize the dynamic response of various structures. In this article,
we first briefly introduce the split Hopkinson bar method and the utilization of stress
waves in this experimental technique. Then we review some of the recent
applications of different versions of the split Hopkinson bars in three specific areas:
(1) the determination of dynamic fracture behaviors of notched samples, (2) the
determination of the biaxial flexural strength of thin brittle sheets and (3) the
examination of the dynamic response of micromachined structures. In each area,
unique challenges are encountered and specific treatments are needed to obtain valid
results.

Chapter written by Chul Jin SYN and Weinong W. CHEN.
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10.2. Split Hopkinson bars
Split Hopkinson bars were originally developed for the characterization of the
dynamic flow behavior of ductile metals [KOL 49] and have been widely used and
modified in order to determine the dynamic properties of a variety of engineering
materials, such as metals [GRA 00], concrete [ROS 96], composites [SON 03],
polymers [WAL 89] and ceramics [CHE 97, LUO 06]. The principle of the
operation of a split Hopkinson bar is well documented [LIN 64, GRA 00] and is
only briefly described here. A typical compression version is called a split
Hopkinson pressure bar (SHPB), which consists of a striker, an incident bar and a
transmission bar as schematically shown in Figure 10.1. When the striker bar
impacts onto the incident bar, an elastic stress pulse called the incident pulse is
generated and propagates along the incident bar. When the pulse reaches the
specimen/incident bar interface, the pulse is partially reflected due to impedance
mismatch between the bar and the specimen and partially transmitted into the
specimen which loads the specimen and eventually into the transmission bar, as a
transmitted pulse. The elastic strains associated with the stress pulses are measured
by strain gages mounted on the surfaces of the incident and transmission bars. These
signals indicate the axial strain rate ε and stress σ in the specimen [KOL 49]:
2c0
ε r (t )
L

(10.1)

A0
Eε t (t )
As

(10.2)

ε (t ) = −
σ (t ) =

where L is the original length of the specimen, εr is the time-dependent reflected
strain in the incident bar, c0 is the elastic longitudinal bar wave velocity in the bar
material, A0 and As are the cross-sectional area of the transmission bar and the
specimen respectively, E is the Young’s modulus of the bar material and εt is the
time-dependent axial strain in the transmission bar.
Specimen
(ρs, cs, As)
Striker
bar

Incident bar

Transmission bar

εi, εr
(ρst, cst, A)

(ρ, c, A)

l
1

2

o

εt

(ρ, c, A)

Figure 10.1. A schematic illustration of the Hopkinson bar set-up
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In order to obtain the dynamic material properties from the specimen in the
SHPB, the specimen needs to deform nearly uniformly. The stress distribution
within the specimen should also be nearly uniform, which is typically called
dynamic stress equilibrium. In this way, the stress and strain histories in the
specimen may be averaged over the specimen volume to approximate the material
response. Furthermore, for the convenience to fit the strain rate effects into material
models, it is desired that each SHPB experiment is performed at a nearly constant
strain rate. Unlike quasi-static testing machines, where the machine rigidity is
typically much higher than that of the specimen and testing conditions can be
controlled just by controlling the machine motion, the loading bars in a SHPB are
much less rigid. The testing conditions on the SHPB specimen depend not only on
the loading coming from the incident bar, but also on the specimen response. The
loading history needs to be tailored according to the specimen response such that the
specimen deforms at the desired loading conditions, such as dynamic stress
equilibrium and constant strain rate.
The shape of the incident pulse is trapezoidal and the duration is the round-trip
travel time of a longitudinal elastic bar wave in the striker bar. The magnitude of this
pulse is controlled by the initial velocity of the striker bar, and the duration clearly
depends on its length. By placing a plastically-deformable thin disc (called a pulse
shaper) on the impact end of the incident bar, the profile of the incident pulse, such
as the rise time (hence the loading rate), can be controlled by the proper choice of
the disc dimensions and material [NEM 91, FRE 02, FRE 05]. By using these welldeveloped techniques, the loading pulse in a split Hopkinson bar can thus be tailored
precisely to the desired rise time, magnitude and duration. Thus, loading pulses can
be generated in the incident bar according to the desired test conditions and the
specimen response, which is necessary for obtaining valid experimental results. This
description also applies to the tension and torsion version of split Hopkinson bars,
although the pulse shaping techniques for these bars are yet to be developed.
The principle of relying on stress waves in bars in order to apply dynamic load
on the sample and to measure the sample response at a distance provides a reliable
experimental method to characterize high-rate responses. The principle has been
employed to apply dynamic load and to determine dynamic responses on samples
that are not just solid material samples. Modifications to the Hopkinson bars have
adapted the testing section to accommodate precracked beam fracture samples, thin
sheets of brittle material for biaxial bending and, more recently, microsystems. In
the following sections, we describe the application of the bar wave propagation in
the experiments in order to determine dynamic fracture toughness of materials, the
biaxial flexural failure of thin ceramic sheets and to provide controlled shock
environment for microsystem evaluation and calibration.
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10.3. Using bar waves to determine fracture toughness
Most engineering structures contain many forms of defects such as cracks in the
materials. Under impact loading conditions it is important to understand the fracture
behavior of cracked materials before such materials can be used efficiently. A crack
in an elastic material will begin to extend when the stress intensity factor at the
crack tip reaches the fracture toughness of the material under quasi-static loading or
the dynamic initiation toughness under dynamic loading. Procedures have been
standardized to determine the fracture toughness of materials under quasi-static
loading conditions. For example, in an ASTM procedure to determine the fracture
toughness of ceramics (ASTM standard C 1421-01b), precracked beam specimens
are loaded in three- or four-point bending configurations. The precrack can be a
straight-through crack, a semi-elliptical crack or a chevron notch. The precrack type
gives the toughness values corresponding to the specific class of cracks. The loading
rates during these quasi-static tests are controlled through the actuator displacement
rates between 0.0005 and 0.005 mm/s on the testing machine. The employment of
such slow rates is necessary to ensure that the peak load measured at the load cell
approximately corresponds to the fracture toughness value locally at the crack tip.
Recently, interests are increasingly focused on the impact response of structures.
Accurate determination of dynamic fracture toughness has become a challenge to
the mechanics and materials community. Many techniques have been proposed over
the past two decades. Elastic stress waves propagating in bars have become widely
used methods for both loading and sensing. Most experimental configurations for
dynamic fracture toughness determination are extensions of the corresponding
quasi-static versions. However, the involvement of elastic stress wave propagations
requires more attention in experiment design in order to obtain valid results. This
chapter reviews recent developments in experimental techniques to determine the
fracture behavior of materials. The techniques are primarily based on various
versions of split Hopkinson bars, which were traditionally used for bulk material
property characterization at high strain rates.
The methods for dynamic fracture toughness determination using bar waves
found in other works can be approximately categorized into three groups: high rate
bending, high rate tension and dynamic wedging. Most researchers investigated
various extension of the quasi-static ASTM standard into dynamic loading range,
resulting in a series of high rate bending techniques, for examples, [BÖH 82, RIT
92, BAC 94, SHA 94, AND 00, POP 00, WEI 00, JIA 05, WEE 06]. In the methods
in this group, specimen designs are either one, three or four point bending of
precracked beams. Loading methods employed are mainly modified SHPB, with
some drop weight towers and modified Charpy testers. In data reduction, most
methods used quasi-static equations to relate far-field peak load to fracture
toughness locally at crack tip, although some used local crack tip opening
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displacement (CTOD) to assess the dynamic fracture toughness [SHA 94, AND 00].
Among these experiments, Böhme and Kalthoff [BÖH 82] employed a three-point
bending configuration with a drop weight impacting at the loading point. A typical
configuration of such experiments is shown in Figure 10.2.

Figure 10.2. Typical configuration of three-point bending tests for fracture toughness

Böhme and Kalthoff [BÖH 82] instrumented the set-up to measure the load
histories at the loading point and the two supporting points, the displacement
histories between the supports and the specimen and the crack tip stress intensity
factor history. The results showed that the load history recorded from the loading
point did not synchronize with the histories at the supports or the crack tip stress
intensity factor history. Furthermore, when the loading point was impacted, the
specimen jumped off the support at the supporting points and then regained the
contact 400 µs later. Their results also showed that the loading rate at the crack tip
was far from constant during the loading process. The detailed information revealed
by the experiments performed by Böhme and Kalthoff indicates that the crack tip
stress intensity factor obtained from these dynamic bending experiments may not
synchronize with far-field load measurements at all. There is evidence that
significant vibrations couple with the bending of the specimen. The measured load
from the supporting points is thus mixed with material strength and specimen
inertia. Therefore, quasi-static equations relating the far-field peak loading to
fracture toughness are no longer valid. Local CTOD measurement corresponds to
the dynamic fracture toughness [SHA 94], which becomes a necessary measurement
if the crack propagates during the first pass of the stress wave in the specimen.
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However, if the desired loading rate is lower and the crack does not propagate
before reflected stress waves reach the crack tip, the loading rate at the crack tip is
far from constant due to large-amplitude stress waves sweeping through the crack
tip. Therefore, essential remedies must be introduced to obtain valid dynamic
fracture toughness as a function of loading rate from dynamic bending experiments.
In the work presented by Weerasooriya et al. [WEE 06], a new four-point
bending experimental technique, based on a split Hopkinson pressure bar, was
developed to determine the dynamic fracture toughness of ceramics at high rates. To
expand the loading rate into dynamic region, dynamic equilibrium over the entire
specimen needs to be satisfied to interpret the crack tip loading state with the farfield loading conditions. Furthermore, to determine the loading rate effects, the
loading rate at the crack tip should be nearly constant during an experiment. The
new method employed pulse shaping techniques, which were commonly used in
SHPB experiments for dynamic material property characterization, to control the
profiles of the loading pulses such that the precracked specimen was under dynamic
equilibrium during the duration of the experiment. Furthermore, the loading rate at
the crack tip was controlled to be nearly constant so that the dynamic fracture
toughness may be expressed as a function of the local loading rate. The feasibility of
this technique was demonstrated through the determination of the dynamic fracture
toughness as a function of the loading rate for a silicon carbide (SiC-N). Figure 10.3
shows a schematic illustration of the experimental set-up used by Weerasooriya et
al. [WEE 06]. The set-up is seen to be a SHPB-based device. The gage section has
been modified into a four-point bending configuration, which may be changed to
three-point bending as well.
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Figure 10.3. A schematic illustration of the experimental set-up by [WEE 06]
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A plastically deformable pulse shaper is placed at the impact end of the incident
bar (Figure 10.3). This pulse shaper serves as a momentum faucet between the
striker and the incident bar. Upon impact, the momentum in the striker is transferred
into the incident bar through this faucet. The control over the plastic deformation of
the pulse shaper depicts the history of the momentum passage, which gives the time
history of the incident pulse in the incident bar to load the specimen. The principle
and the analysis of the pulse shaper have been well-documented [NEM 91, FRE 02,
FRE 05]. The pre-cracked bending specimen with its loading/supporting system
makes the test section of the split Hopkinson bar a structure that has low resonance
frequencies. In order to avoid mixing between mechanical strength and inertia loads,
it is important that no resonance frequency is excited in the specimen, such as those
encountered in the experiments by Böhme and Kalthoff [BÖH 82]. Analyses were
performed in the research by Cheng et al. [CHE 02] and Weerasooriya et al. [WEE
06] such that the loading rate is controlled in order for it not to be close to the
resonance frequencies in a biaxial bending of a thin sheet and a precracked fourpoint bending specimen, respectively. When inertia is avoided along the loading
axis, the loading histories in front of the sample and behind the sample should nearly
overlap. This was experimentally verified by Weerasooriya et al. [WEE 06] using a
technique used earlier by Chen et al. [CHE 00] in SHPB experiments on soft
materials.
As an alternative approach to determine dynamic fracture toughness, direct
dynamic tensile loads were applied on notched rods, compact tension (CT)
specimens and precracked beams [SUR 90, DEO 92, OWE 98]. Suresh et al. and
Owen et al. [SUR 90, OWE 98] used split Hopkinson tension bars to apply the
dynamic loading. Suresh et al. [SUR 90] used explosive loading on a tensile split
Hopkinson bar in order to dynamically load circumferentially notched and cyclically
fatigue-precracked ceramic rods. The dynamic stress intensity factor at the
circumferential crack tip was calculated using the specific specimen geometry and
the load history as measured by a strain gage mounted on the transmission bar close
to the specimen. The length of the specimens was 33.6 mm with the precrack located
at 25.4 mm for room temperature tests and 458 mm (long enough to allow furnace
space) with the precrack in the middle for elevated temperature experiments. Owen
et al. [OWE 98] used a split Hopkinson tension bar to obtain the dynamic initiation
fracture toughness of 2024-T3 aluminum from samples of thin (1.5-2.5 mm) sheets.
The precracked specimen has a width of w = 12.7 mm and a length of l = 57 mm.
During an experiment, the transmitted pulse is recorded as the dynamic tensile
loading history and the initial crack length is measured on the fracture surface. An
equation derived under quasi-static conditions was used to relate the recorded tensile
stress history and initial crack length to the dynamic stress intensity factor, from
which the dynamic initiation toughness was calculated.
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Deobald and Kobayashi [DEO 92] used a unique method to employ a reflected
tensile wave to load the crack tip. A precrack is made in the middle of a 50.8 mm
long ceramic specimen. A 25.4 mm long impactor of the same cross-section and the
same material is driven to impact one end of the precracked bar. The crack opening
displacement (COD) is measured using a lazer-interferometric displacement gage
(LIDG) commonly used in fatigue experiment [SHA 88]. The measured stress and
COD histories are then interpreted into the dynamic initiation fracture toughness,
dynamic branching fracture toughness and crack propagation velocity. In this type of
experiments, due to the fact that high-rate dynamic tensile load is applied from one
side of the specimen, the crack tip may not under Mode-I fracture due to
unsymmetric loading as pointed out by Maekawa and Shibata [MAE 95].
Furthermore, unless the crack initiates during the first pass of the stress pulse (which
requires local measurement near the crack tip), the stress waves sweep through the
crack tip back and forth. The crack tip stress state does not synchronize with the farfield load measurements. The loading rate at the crack tip is clearly not constant.
Further experimental technique development is necessary in order to obtain dynamic
fracture toughness values under well controlled experimental conditions.
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Figure 10.4. Schematic illustration of quasi-static test set-up [SUN 04]
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Another approach to dynamically load the cracked specimen is dynamic wedging,
which was proposed by Klepaczko [KLE 82] and employed by other researchers
[MAE 95]. In this type of experiments, the specimens are in wedge loaded compact
tension (WLCT) configuration, which is modified from the standard CT design to
accommodate the loading wedge. Dynamic loading is provided by a modified
SHPB. While this method avoids the uneven loading that occurred in the dynamic
tension experiments, the specimens involved in these wedging experiments are
relatively large in size. It is difficult to achieve dynamic equilibrium in the specimen
and constant loading rate near the crack tip. The friction between the wedge and the
specimen is another concern in accurate data reduction.
Sun and Han [SUN 04] used a smaller wedging specimen geometry and studied the
static and dynamic Mode I delamination fracture in uni-directional composite
materials. Figure 10.4 shows a schematic illustration of the dynamic experimental setup used by Sun and Han [SUN 04]. The same gage section was used in both quasistatic experiments on a hydraulically driven load frame and dynamic experiments with
a SHPB such that the only parameter that changes from quasi-static experiments to
dynamic ones is the loading rate. They obtained the dynamic fracture toughness of the
delamination crack propagation in S2/8552 and IM7/977-3 composites at a speed of up
to 1,000 m/s. However, the value of the dynamic fracture toughness was found to
approximately equal the static fracture toughness. However, the dynamic energy
release rate was found to increase significantly with the crack speed. Figure 10.5
displays the relation between the energy release rate and the crack speed assuming that
the stress intensity factor at the crack tip remains unity.
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Figure 10.5. Dynamic energy release rate versus crack speed
with the unity value of stress intensity factor [SUN 04]
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10.4. Determination of dynamic biaxial flexural strength
Thin ceramic sheets are widely used in engineering applications in modern
industry. Electrically insulating thin sheets are used for electronic substrate
applications in nearly all semiconductor products. Ceramic membranes are used as
molecular filters in fuel cells and solid oxide electrolyzers for oxygen generation.
Development of high-reliability substrate materials requires the accurate
characterization of the mechanical properties of those materials in the form of thin
sheets with a thickness of 0.5 mm or less. To obtain strength data under multiaxial
bending on thin sheets, the American Society of Testing and Materials (ASTM)
standardized a piston-on-3-ball testing method for the biaxial flexural strength
(modulus of rupture, (MOR)) of ceramic substrates [WAC 72, AST 95]. In such a
test, a thin ceramic sheet is placed on three balls sitting 120° apart on a 25.4 mmdiameter circle. A piston pushes at the center of the circle from the other side of the
ceramic sheet, thus producing a biaxial flexural loading condition. For the loads to
be more evenly distributed on the ceramic sheet, the three supporting balls may be
replaced by a ring. Also, the piston could be replaced by a ball, a smaller ring or
simply pressure.
Besides multiaxial bending, these thin ceramic sheets may be subjected to
dynamic loading. Electronic substrates experience shock and vibration loading in the
event of a drop. It is important to understand the mechanical response of the
substrates under such dynamic loading conditions to improve designs for better
drop-tolerances. Cheng et al. [CHE 02] presented a new experimental method that
can determine the dynamic biaxial flexural strength (dynamic MOR). This new
technique is based on a quartz-crystal-embedded split Hopkinson pressure bar [CHE
00] and the piston-on-3-ball or ring-on-ring testing configuration. The desired
dynamic loading rates are precisely controlled under laboratory conditions. The
range of loading rates from which valid data can be obtained is analytically
determined. This analysis limits the loading rates such that no resonance frequencies
in the specimen and test section are excited. This is very similar to the vibrating
three-point bending specimen problem encountered in the determination of dynamic
fracture toughness. Using this new technique, the loading rate effects on the MOR of
yttria-stabilized zirconia thin sheets were determined. The technique can clearly be
applied to determine the biaxial flexural strength of all brittle thin sheets. The
configuration of the dynamic piston-on-3-ball method is shown schematically in
Figure 10.6 [CHE 02].

Split Hopkinson Bars for Dynamic Structural Testing

Incident bar

381

Instrumented
hammer

Supports

Specimen

Transmission bar

Quartz disk
Charge
Amplifier

Charge
Amplifier

A/D Converter

Figure 10.6. A schematic diagram of a dynamic piston-on-3-ball set-up [CHG 02]

10.5. Dynamic response of micromachined structures
Many microsystem components are designed to be used in impact environments
and must survive a certain range of shock and vibration loads encountered in their
applications. It is essential that the performance of these micromachined
microsystem components is well characterized and understood under such dynamic
loading conditions. For example, accelerometer manufacturing industry has used
Hopkinson bar technique to conduct acceptance testing for small accelerometers for
shock measurement [DOS 99]. Forrestal and his associates [TOG 96, FOR 03]
employed pulse shaping techniques of SHPB to control the acceleration histories
experienced by the micromachined accelerometers mounted at the end of the
incident bar of a SHPB. This technique was used to calibrate the accelerometers
subjected to shock loading of up to 200,000 g.
More recently, Lu et al. [LUW 06] utilized a similar pulse shaping technique on
the incident bar of a SHPB to study the dynamic bending of a small cantilever beammass structure manufactured by LIGA process under a precisely controlled shock
loading. In this study, a Hopkinson bar set-up was utilized to provide the shock
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environment for these devices. By varying the striker size, the pulse shaper size and
the striker velocity, desired loading profiles were generated at the free end of the
input bar, where specimen and the fixture to attach the specimen to the bar were
mounted. During the experiment, the deformation and displacement of the specimen
were recorded by a high speed digital camera. Finite element simulations of the
experiments by considering large elastic deformations were also obtained based on
the experimentally measured velocity profile as the loading input. Shock
experiments were performed at base acceleration levels of 6,000 g and 20,000 g.
Sequential images of the deformed tapered beam-mass structure under 20,000 g
impact are shown in Figure 10.7.
A high speed digital camera (Cordin 550), triggered by the strain gage signal,
was utilized to capture the deformation history of the micro specimen. The first
550 µs of the experiment were recorded, which was slightly longer than the shock
loading duration 360 µs. The high-speed digital camera was set at the speed of
51,037 frames per second (fps), corresponding to a sampling period of 19.6
microseconds. The synchronization of the camera with the bar enabled the
interpretation of both the particle velocity and displacement histories in the
specimen. The post-experiment specimen provides some interesting information.
The structure appears to be in the same form as before being shock loaded, i.e., there
is no apparent plastic deformation, crack, or damage even though the impactinduced deformation is quite large (Figure 10.7). Although the high-speed camera
captured the specimen deformation history only during the first shock loading to the
base of the beam, the beam was loaded many more times afterwards by the stress
waves traveling back and forth in the incident bar. Subsequent numerical
simulations of the experiments determined the maximum tensile strain to be 0.016,
corresponding to a stress value of 3.8 GPa for the linear elastic material. This stress
level is much higher than the measured tensile strength of the LIGA Ni under the
quasi-static loading condition where σut = 1.8 GPa. The reason why the material did
not yield of being damaged after loaded many times at such high loading levels is
still under investigation.
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Figure 10.7. Images of the deformed tapered beam-mass structure
under 20 kg impact [LUW 06]

10.6. Conclusion
Split Hopkinson bars are widely used tools for the determination of material
properties under dynamic loading conditions. The loading pulses in the Hopkinson
bars need to be controlled so that the specimen deforms uniformly at a constant
strain rate under dynamic stress equilibrium. The experimental principle of relying
on the stress waves in elastic bars to apply dynamic loading and to detect
mechanical response from a distance has been applied to dynamic structural
testing.
When the test section is configured to a beam bending or biaxial bending set-up,
the dynamic fracture toughness of materials and the biaxial flexural strength of thin
brittle sheets may be determined as a function of the loading rate. In such
experiments, the resonance frequency of the structures in the test section is typically
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much less than that of a solid specimen. Inertia effects may be coupled with the
material response, leading to erroneous results. Careful analysis needs to be
performed during the experiment design stage so that proper loadings are applied in
order to obtain valid experimental results.
The precise loading control in the Hopkinson bar technique can also provide
desired loading conditions to characterize the dynamic response of microsystems.
Small-scale accelerometers have been calibrated to shock loadings of up to
200,000 g. LIGA deposited structures were studied when shocked up to 20,000 g,
where the impact response of the structural material was found to be significantly
enhanced under the high-rate loading.
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