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ABSTRACT

Currently there is great industrial interest in installing permanent diagnostic sensors for
structural health monitoring (SHM) of safety-critical parts. The past half-century has seen broad
use of ultrasonic transducers for subsurface viewing and defect detection. However, traditional
techniques require a water-based couplant between the transducer and interrogated structure.
Thus most current sensors cannot interrogate structures near or above 100°C, such as heatexchanger pipes and valves in an operating nuclear reactor. A network of permanently-attached
guided-wave sensors on these structures could assess the structures’ state of damage and wear in
order to prevent catastrophic failure. No sensor exists to monitor the health of a large volume of
safety-critical structure for which the specific failure site is unpredictable.
This thesis details two steps of progress towards fulfilling that need with a novel leave-inplace nonlinear ultrasonic transducer. The work combines the recent research on guided wave
health inspection methods with the research on high-temperature spray-on transducers. First, the
spray-on transducer is shown to be capable of fabrication and acoustic wave generation on two
different structures: small-diameter heat-exchanger tubing, and a large steel mockup structure.
Second, two spray-on transducers propagated along 0.2m of tubing the L(0,4) guided wave
mode, a useful guided wave mode for the highly defect-sensitive method of nonlinear testing.
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Chapter 1
Introduction to structural health monitoring with ultrasound
Generally large structures provide some warning before they fail completely. The actual
failure is the result of an accumulation of damages in the structure, where the structure has
deteriorated to the point that the design tolerances have become near-zero. If the broken part in
question is critical to the safety of the entire system (such as heat exchanger pipe in a nuclear
plant that cools the reactor so the fission reaction does not accelerate towards nuclear meltdown,
or refinery pipelines carrying explosive chemicals, or cables holding up a suspension bridge, or
connections between the airplane wing and fuselage), then operating engineers should take
measures to prevent that failure.
One such measure is schedule-based maintenance. For this traditional method, engineers
periodically shut down operations and send in technicians with portable sensing equipment to
nondestructively inspect the structures for damage.
Another method to prevent failure is to use permanently-installed sensors to continuously
monitor the state of damage in the structure. This process is called structural health monitoring,
or SHM. Generally the modus operandi of the sensor does not damage the structure, so the
method of taken measurements is nondestructive evaluation, or NDE. These measurements are
correlated to those from destructive testing, when a similar material is damaged to failure in the
laboratory. From this correlation, as well as an understanding of the loads applied to the part,
engineers estimate the part’s remaining lifetime, and replace the part before it fails.

2

This second method of failure prevention, SHM, is the subject of this thesis. This work
advances a spray-on comb transducer as a sensor to monitor a steel structure for cracks. This
transducer is designed for active SHM, one variety of SHM in which the transducers actively
generate and receive ultrasound, and detect cracks by identifying day-to-day changes in the
received ultrasonic signals. Several development and proof-of-concept steps are necessary prior
to installing the spray-on sensor to perform active SHM in industrial plants.
As the sensor development encompasses two engineering fields, this thesis contains two
introductory chapters. Each chapter skims through the fundamental science and outlines relevant
literature articles to provide a context for the thesis experiments. The rest of Chapter One
introduces the ultrasound portion of the background, motivation, and design. This introduction
describes the use of acoustic guided waves and second harmonic generation for health
monitoring, as well as the use of comb transducers to generate these guided waves.
A substantial portion of this thesis research also considered the materials science and
processing of the spray-on transducer. Chapter Two introduces the electronic properties and
processing of the spray-on transducer, the sensor that creates the ultrasound from an electronic
signal. This chapter also considers how the spray-on transducer may outperform other
transducers for specific SHM needs.
The next two chapters test in two situations how well spray-on transducers generate
ultrasonic signals that are useful for damage detection. In Chapter Three, two spray-on comb
transducers operating in pitch-catch mode send linear and nonlinear guided waves along sections
of heat-exchanger tubing. Chapter Four shows a method of fabricating the transducers directly on
a steel structure that can be employed by a technician doing maintenance on a nuclear plant. This
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new method, suitable for transducer fabrication on large structures, moves the economical
processing equipment to the structure instead of moving the structure.

1.1 Ultrasonic bulk waves
An acoustic bulk wave is a compression of molecules that propagates through a material
[1]. Such waves can travel through fluids as well as solids. A bulk wave exists in media for
which the dimensions of the compressed volume are smaller than the three dimensions of the
medium. For these instances, the speed of the wave is determined by the square root of the
quotient of the elastic properties of the medium over its inertial properties [1]. For bulk waves,
the elastic property is the bulk modulus, which relates the applied pressure to the volumetric
compression of a medium [1]. The inertial property is always the density [1]. Increasing the
stiffness of the medium will increase the force on the atoms adjacent to the compressed area and
therefore increase the wave speed. Increasing the density will reduce the acceleration resulting
from the force, so the wave speed will decrease.
When a wave reaches an interface between two materials with different wave speeds,
some of the wave energy will reflect off the interface and the rest will refract through the
interface. The angles of reflection and refraction correspond to Snell’s Law, which also applies
to light waves [1].
This reflection will occur so long as the new material is at least as thick as the acoustic
wave’s wavelength [2]. Thus a crack in steel, which can be viewed as an interface between steel
and air, will only reflect sound of a wavelength at least as large as the crack width. For this
reason, acoustic NDE relies on ultrasound to detect cracks in materials. Ultrasound is an acoustic
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wave with a frequency above 20kHz, pitches too high for humans to hear. As higher frequency
corresponds to shorter wavelength, ultrasonic waves are superior to audible sound waves for
crack detection.

1.2 Guided waves
Bulk waves propagate in thick sections of material. For thinner materials such as plates,
rods and tubes, the energy beam of the acoustic wave overlaps with the boundaries of the
medium. These boundaries cause wave reflections according to Snell’s Law. From these wave
reflections, waves in these bounded media propagate differently from bulk waves.
Waves may travel at different speed and character in the same material, if the material is
a different shape. All small-deformation waves follow the displacement equation as derived from
the theory of elasticity for linear elastic materials. However, the waves behave differently as the
wavelength approaches the thickness of the material [3]. Such a wave is impacted by the
interface along the boundary of the thin material. These are called guided waves, as they
propagate parallel to the boundaries of the material.
The rest of this section presents a rough outline of the mathematical basis for guided
waves. This information is presented in greater detail in the “Waves in plates” and “Waves in
hollow cylinders” chapters of Rose [3].
The velocity, wavelength, and frequency of a guided wave can be calculated by solving
the wave equation (Eq. 1.1) for the wave’s propagation medium. In this equation, u is the
displacement of an infinitesimal volume of the medium, and c is the longitudinal wave speed [3].
Solving this partial differential equation requires applying boundary conditions.
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Eq. 1.1

∇2 𝑢𝑢 =

1 𝜕𝜕2 𝑢𝑢

𝑐𝑐 2 𝜕𝜕𝑡𝑡 2

Figure 1.1: Geometry of the free plate problem. There is no traction between the boundaries of
the plate and the surrounding medium. Guided waves known as Lamb waves are the solution to
the wave equation for this plate.

From the plate geometry in Fig. 1.1 comes several boundary conditions. When the
thickness t of the plate is comparable to the wavelength λ of the bulk acoustic wave, the wave
energy occupies the entire thickness of the plate. However, a free plate surrounded by air cannot
support any traction on its surfaces, so there cannot be any normal stress σ or shear stress τ on the
top and bottom surfaces of the plate. These boundary conditions are expressed more formally in
Eq. 1.2.
Eq. 1.2

𝜏𝜏𝑟𝑟𝑟𝑟 �𝑟𝑟 = ± 𝑡𝑡�2� = 0

𝜏𝜏𝑟𝑟𝑟𝑟 �𝑟𝑟 = ± 𝑡𝑡�2� = 0

𝜎𝜎𝑟𝑟𝑟𝑟 �𝑟𝑟 = ± 𝑡𝑡�2� = 0

The guided wave frequencies and velocities in this plate follow from applying the
traction-free boundary conditions to the wave equation. Applying the boundary conditions
requires using the material’s mechanical properties to translate the zero-stress conditions into
displacement equations. This way the wave equation and the boundary conditions are both
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functions of displacements. Thus the mathematical solution of the wave equation for waveguides
is a function of material stiffness, density, and geometry.
Guided waves in pipes are closely linked to Lamb waves. Calculating pipe waves simply
requires one additional boundary condition: the deformation along the plate at y=0 is equal to the
deformation at y=circumference of pipe [3]. This additional constraint exists because a pipe is
essentially a plate curved around itself and welded together. For pipes with high curvature, where
the pipe radius to wall thickness ratio is less than eight, curvature also begins to affect the waves
[4].

1.3 Structural health monitoring
For effective structural health monitoring, sensors must probe the safety-critical portions
of the structure with energy that is sensitive to cracks and corrosion. A theoretical smart structure
[5] would come equipped with all the necessary sensors to ensure it is in good health.
Ultrasound is commonly used to detect cracks and corrosion. One ultrasonic method is to
use pulses of linear ultrasound to look for signals from cracks and from boundaries of the
structure [5]. The crack location and structure geometry follow from knowing the sound velocity
and measuring time of flight between signals [5]. Another method is nonlinear ultrasound,
described in section 1.5.
Ultrasonic guided waves are preferable to bulk waves for structural health monitoring. A
bulk wave transducer will only interrogate the portion of the structure directly underneath the
transducer. Thus a smart structure would need to be totally covered in bulk longitudinal wave
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sensors [5]. In contrast, the energy from a guided wave would span as large a wide area between
transducers before attenuating to the level of ambient noise [5].

1.4 Considerations for guided wave mode selection
Guided waves are more complicated than bulk waves. Bulk waves travel at either the
longitudinal or shear wave velocity; guided waves can travel anywhere along a continuum of
velocities. Also, guided waves can be one or more of many modes, meaning that each guided
wave frequency corresponds to several different waves each traveling at different velocities.
The design of a transducer for guided wave generation begins with the propagation
medium’s dispersion curve. The dispersion curves in Figs. 1.2, 1.3 are specific to the pipe
samples of Chapter Three. These guided wave modes will propagate through a 304 stainless steel
pipe with 25.4mm outer diameter and 2.1mm wall thickness.

Figure 1.2: Phase velocity dispersion curve calculated for the material properties and
geometry of this project’s pipe samples. Symmetric modes are shown in black, and
antisymmetric modes are in red. Taken from NEUP [6].
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Figure 1.3: Group velocity dispersion curve for the same modes shown in the phase
velocity curve (Fig. 1.2). The frequency 1700kHz corresponds to four symmetric and two
antisymmetric modes propagating between 2 – 4 mm/µs. Taken from NEUP [6].

A specific structure contains two related types of dispersion curves: for phase velocity
and group velocity. This concept of two different velocities for the same wave is a characteristic
of dispersive guided waves. The phase velocity cp relates the frequency f and wavelength λ of a
specific wave mode (Eq. 1.3). A specific wavelength can be shown as the slope of a line on the
phase velocity dispersion graph [7]. Thus phase velocity curves impact transducer and inspection
design by describing the mode wavelengths.
Eq. 1.3

𝑐𝑐𝑝𝑝 = 𝜆𝜆𝑓𝑓

While phase velocity is a more abstract acoustical concept, group velocity describes the
speed that a wave packet travels through a material [3]. The group velocity dispersion curve
shown in Fig. 1.3 depicts how quickly different wave modes travel along the pipe at a range of
frequencies. Traditionally guided waves are excited at one specific frequency, which generates
multiple wave modes at speeds determined by intersection with a vertical line drawn at a given
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frequency on the group velocity dispersion curve. A receiving transducer located a distance away
from the guided wave source would detect each of the different wave modes as distinct pulses of
energy separated by time according to their group velocities [3]. Nondestructive evaluation
requires isolation of a specific wave mode, in order to interpret distinct signals captured by a
transducer [8]. For this reason, ultrasonic testing usually relies on the fastest mode at a given
frequency, with a group velocity much higher than other modes at the same frequency [5].
Group velocity differs from phase velocity because all real waves must contain more than
one frequency. The Fourier transform of a guided wave pulse will typically show a skinny
Gaussian curve of intensity around a predominant frequency, meaning that a small range of
frequencies are present in the wave [8]. Incidentally, the concept that a wave existing in a
confined portion of a material must contain multiple frequencies also appears in Heisenberg’s
famous Uncertainty Principle [9]. This theory explains how tiny quantum-scale particles behave
like waves [9]; unsurprisingly, guided waves behave in the same manner.
Guided wave modes are in general dispersive, meaning that an originally focused packet
of acoustical energy will gradually broaden and spread apart. As group velocity depends on
frequency, the different frequencies of a wave packet will each travel at their own velocity,
causing the wave to spread. This dispersion is undesirable, as a propagating dispersive wave
packet will eventually become difficult to distinguish from noise and from other signals. Fig. 1.4
demonstrates dispersion, showing for a dispersive wave mode how a transducer positioned at
different distances from the wave source would detect the wave. A wave mode at the peak of a
group velocity dispersion curve will suffer minimal dispersion, as the group velocity remains
roughly constant among its neighborhood of frequencies [5].
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Figure 1.4: Theoretical evolution of a dispersive wave packet without attenuation. The
top right graph shows the original signal, a toneburst containing several periods of a sine wave.
(b),(c), and (d) show the signal 10, 20, and 50cm away from the source. Notice how the signal
amplitude decreases and signal length increases as the wave propagates down the plate. Taken
from Alleyne and Cawley [5].

Dispersion limits the length of structure which a single guided wave transducer can
inspect. Another limiting factor is attenuation, which is energy lost from ultrasound into heat.
Both these phenomena influence how quickly the amplitude of a propagating wave packet
decreases. The final factor in wave propagation distance is the original signal amplitude, which
depends on both the amplitude of the electronic signal and the ability of the transducer to convert
that signal into the desired acoustic wave mode.
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1.5 Comb transducer design
One method of generating these guided waves is to use comb transducers. Comb
transducers consist of several electrically-connected strips or rings of piezoelectric material. An
example comb transducer is shown in Fig. 1.5. By applying a voltage between the electrode and
the pipe, the comb will generate guided waves of a wavelength corresponding to the spacing
between the rings [16]. In order to excite a specific guided wave mode and frequency, one can
excite a comb transducer, whose element spacing matches the mode wavelength [Fig. 1.2], with
a toneburst signal whose frequency matches the mode frequency [Fig. 1.2]. In practice, the comb
transducer will excite other wavelengths and frequencies as well. However, adding more comb
elements to the transducer will narrow the distribution of excited wavelengths [7].

Figure 1.5: Comb transducer configuration to generate axisymmetric longitudinal guided
waves around a pipe. Eight equally-spaced electrode rings wrap over a flexible polymer
piezoelectric, to effectively form an eight-element comb transducer. Taken from Hay [7].

1.6 Nonlinear ultrasonic testing
An emerging field of ultrasonic testing is nonlinear testing, in which transducers detect
how the frequency content of a wave changes as it propagates through a material. This material
nonlinearity stems from real materials not obeying the linear isotropic assumption [3]. One
specific consequence of this nonlinearity is cumulative second harmonic generation. An initially
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single-frequency wave pulse propagating through a nonlinear material will weakly accumulate
the second harmonic frequency at twice the initial frequency [10].
Fig. 1.6 shows the transducer setup used by Dace [10] and Sinding [15] for measuring
second harmonic generation in a solid rod. Dace used commercial contact transducers with
acoustic gel couplant for this test. Sinding expanded this technique from contact transducers to
spray-on transducers. In Fig. 1.7, Sinding took a Fourier Transform of the received signal and
successfully found that the signal was a mixture of the primary frequency and second harmonic.

Figure 1.6: Nonlinear testing with bulk longitudinal wave transducers operating in
through-transmission. The transmitter is twice as thick as the receiver, so that the receiver’s
center frequency is twice the center frequency of the transmitter. The transmitter sends a singlefrequency toneburst at frequency ω1, and the receiver detects a pulse containing both the primary
frequency and the second harmonic ω2 = 2 ω1. Adapted from Dace [10].
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Figure 1.7: Demonstration of bulk wave 2nd harmonic generation with spray-on
transducers. PZT/bismuth titanate was deposited on both sides of a 6.4cm long, 2.5cm diameter
invar 617 rod with a 10mm electrode diameter and a nonlinear measurement was made. The
primary frequency 7kHz has an amplitude A1=0.07, while distinguishable second harmonic
14kHz has an amplitude A2=0.08. Taken from Sinding [15].

The material nonlinearity parameter β shown in Eq. 1.4 [10] quantifies this harmonic
generation effect. In this equation, A1 and A2 are the amplitudes of the primary frequency and
second harmonic taken from a Fourier Transform of the received pulse; k is the wavenumber 2π /
λ of the primary frequency; x is the propagation distance between the transmitter and receiver
[10].
Eq. 1.4

𝛽𝛽 =

8 𝐴𝐴2

𝑘𝑘 2 𝑥𝑥 𝐴𝐴21

As a material develops damage and wear, this nonlinearity parameter will increase [3, 1114]. For this reason, the nonlinearity parameter can be valuable for nondestructive evaluation, as
the parameter is more sensitive than linear ultrasound or even low-magnification scanning
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electron microscopy for detecting subtle defects [13]. These defects could be sites for pitting or
fatigue crack growth, so measuring a nonlinearity parameter may become a valuable tool for
long-term failure prediction [6]. This phenomenon is analogous to the evolution of many old
singers’ voices, which sound rougher and richer with overtones than when they were young and
newly-famous with fresh vocal chords.

Figure 1.8: Experimental nonlinearity parameter measurements taken as functions of
propagation distance and thermal cycling of a pipe sample. Relative nonlinearity parameter
increases linearly with propagation distance, as anticipated by Eq. 1.3 for cumulative second
harmonic generation. The slopes of these trendlines are proportional to the nonlinearity
parameters β for the pipe at each time. Pipe nonlinearity increases after thermal cycling,
indicative of subtle damage. Taken from Li [13].

Care must be taken to accurately correlate nonlinear testing data with material damage.
Inherent nonlinearity in the acoustic wave propagation medium is not the only source of
nonlinearity. The electrical testing equipment, transducer, and couplant between transducer and
interrogated material all may contribute harmonics to the signal [10, 13].
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Dace and Sinding used bulk waves for nonlinear testing, although nonlinear theory also
applies to guided waves. Recent guided wave experimental investigations confirm that the
nonlinearity parameter increases with material degradation. Li and Cho confirmed, as shown in
Fig. 1.8, that the nonlinearity parameter from cumulative second harmonic generation is
measurable with PVDF comb transducers [13]. Their comb transducers were made of the
polymer PVDF, and were only attached to the pipe during room temperature acoustic
measurements [13]. Chapter Three assesses whether permanently-attached spray-on comb
transducers can accomplish the same task as the PVDF transducers.
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Chapter 2
Introduction to spray-on transducers
Chapter One focused on guided waves and their impact on inspection method and
transducer shape. Chapter Two shifts focus to the materials responsible for transduction, which
create and detect the guided waves. The first portion of this chapter describes the relevant
electronic materials, and the second portion describes the application of these materials in a
spray-on transducer.
This thesis work focuses on the application of spray-on transducers for guided waves.
Therefore transducer material considerations are discussed in less detail. Sinding [17] and Pheil
[19] present more fully on the consequences the electronic material composition of spray-on
transducers.

2.1 Piezoelectricity
A piezoelectric material will convert a mechanical strain to an electric field and vice
versa [18]. Equations 2.1 and 2.2 describe the a relevant simplification of the piezoelectric effect
in tensor notation, where D3 and S3 are electrical displacement and strain in the 3 direction, T1
and E1 are mechanical stress and electrical field in the 1 direction, sEij and εTjk are the
corresponding elastic (at constant electrical field) and dielectric (at constant stress) material
coefficients, and dij are the material’s piezoelectric coefficients [17]. The placement of
piezoelectric coefficients dij in these equations models these two piezoelectric effects: that in the
absence of an electric field, a mechanical stress will create an electrical displacement; and that in
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the absence of mechanical stress, an electric field will create a mechanical strain. Fig. 2.1
explains the directions indicated by the subscripts in Eqns. 2.1 and 2.2.
Eq. 2.1
Eq. 2.2

𝑇𝑇
𝐷𝐷3 = 𝜀𝜀33
𝐸𝐸3 + 𝑑𝑑33 𝑇𝑇3 + 𝑑𝑑31 (𝑇𝑇1 + 𝑇𝑇2 )
𝐸𝐸 (𝑇𝑇
𝐸𝐸
𝑆𝑆3 = 𝑠𝑠13
1 + 𝑇𝑇2 ) + 𝑠𝑠33 𝑇𝑇3 + 𝑑𝑑33 𝐸𝐸3

Figure 2.1: Coordinate axes describing subscript notation for most piezoelectric
materials. By definition, piezoelectric materials are polarized in the 3 direction; the equivalent
perpendicular directions are the 1 directions (also called the 1 and 2 directions). The strongest
piezoelectric coefficient, the d33, correlates the electrical or mechanical displacement in the
polarized direction to the stress or electrical field in that same direction. The weaker d31
coefficient relates strain in the 3 direction to electric field in the 1 direction.

2.2 Ferroelectric materials
A ferroelectric is the electric analog of ferromagnetic iron. Where iron can become
magnetic, a ferroelectric can be electrically-polarized. Ferro- materials obey the hysteresis curve
shown in Fig. 2.2, where for ferroelectric materials the axes are electric field and material
polarization. A virgin ferroelectric will be full of randomly-oriented electric dipoles, so the bulk
material will not have a net polarization. This state corresponds to the origin of Fig. 2.2. The
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bulk material begins to polarize in the direction of the applied electric field. If the applied
electric field exceeds the coercive field Ec, material maintains a remnant polarization Pr even
after removing the applied field [18]. A ferroelectric material with a remnant polarization will
become most strongly piezoelectric in the 3-direction, the direction of polarization [17].

Figure 2.2: Classical hysteresis curve applied to ferroelectricity. The x-axis indicates
electric field in the ferroelectric material, and the y-axis indicates the materials’ electrical
polarization. As shown by the dashed line, the virgin material is not polarized. After applying
and removing the coercive field Ec, the material maintains a remnant polarization Pr in the
direction of the applied field. Adapted from [18].

Spray-on transducers use ferroelectric materials, as a ferroelectric’s direction of
piezoelectricity is tunable [18]. Fig. 2.3 explains this tunable polarization. Thus a ferroelectric
deposited on a curved surface can be processed such that its direction of piezoelectricity is
everywhere normal to the surface, and its d33 mechanically deforms the surface. For example, a
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ferroelectric deposited around the circumference of a pipe can deform to constrict the pipe when
a voltage is applied to the ferroelectric.

Figure 2.3: Barium titanate unit cell. BaTiO3 is the prototypical ferroelectric, in the
perovskite atomic structure. This distorted cubic unit cell could readily be polarized in any of six
cubic directions, making the material ferroelectric. Due to distortions in the positions of the
titanium and oxygen molecules, the center of cation charge lies higher than the center of anion
charge, so the unit cell is polarized vertically upwards. Either squeezing the unit cell in the a
directions or stretching in the c direction will increase the Ti4+ and O2- distortions and therefore
increase the polarization.

Ferroelectric materials can only exhibit hysteresis in a certain temperature range. As the
temperature increases, the atoms become more mobile. At the Curie temperature TC, a material
undergoes a phase change to a symmetric atomic arrangement. The centers of positive and
negative charge in the unit cell converge to the same position, and the material no longer
supports electric dipoles [8].
The Curie temperature sets an upper temperature limit to the piezoelectric capabilities of
materials. Materials near their Curie temperature are no longer usable as transducers. In addition,
after extended time near the Curie temperature, a poled ferroelectric’s domains will relax, and its
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piezoelectric strength will decrease [8]. The industry’s rule of thumb for high-temperature
transducers is to select a material having a Curie temperature at least twice the extended
operating temperature of the transducer.

2.3 Motivation for spray-on comb transducers
There is interest in using conformal transducers for structural health monitoring. Such a
transducer could become a phased array or a comb transducer for guided waves on a curved
structure.
The piezoelectric polymer poly-vinylene diflouride (PVDF) has seen research interest for
low-temperature guided wave applications [4,5,7,12]. PVDF is flexible and can be bent to
conform with a curved surface [4]. However, as a polymer it is ill-suited to applications above
80°C [7].
In contrast to polymers, many ferroelectric ceramics exhibit sustained piezoelectricity
well above 100°C. Lead zirconate titanate (PZT), the most popular piezoelectric ceramic, has a
Curie temperature of 385°C, although addition of dopant materials or composites may change
this property [19]. Bismuth titanate Bi4Ti3O12 (BiTi) exhibits weaker piezoelectricity, but in
exchange has the higher Curie temperature of 685°C [20].
One option for SHM is to use an epoxy to bond piezoelectric ceramic transducers to
substrates. However, this transducer setup loses sensitivity to defects after several thermal cycles
between

-5°C and 40°C [23].
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Thus a piezoelectric ceramic fabricated directly on a structure, without the use of
polymers, carries the greatest promise for applying ultrasonic guided waves towards hightemperature structural health monitoring. This is the motivation for spray-on transducers.

2.4 Spray-on transducer
Spray-on transducers are made of a mixture of powder and sol-gel. Dr. Tittmann’s
research group has studied spray-on transducers for several years [17,19-22], but they did not
invent the idea. Barrow et al. [24] first added powder to sol-gel to achieve piezoelectric films
thicker than 1-2µm. Barrow used integrated-circuit technology to spin-coat his piezoelectric
films, using the PZT sol-gel composition published in Yi [25], which is slightly different from
the sol-gel Dr. Tittmann’s group synthesizes.
Then Kobayashi adapted Barrow’s powder and sol-gel method, using a spray-gun to
deposit films on metal substrates [26]. Kobayashi has continued to research spray-on transducers
[27-29].
The rest of section 2.4 generically describes the steps for fabricating spray-on
transducers. Chapter Three and Four describe newly-designed variations to the spray-on process
in order to fabricate around small-diameter pipes and large structures.

2.4.1 Sol-gel synthesis
A sol-gel is one variety of two-phase mixture. Sol-gels contain a colloidal suspension of
solid of one composition within a liquid of another composition [20], so the two phases are solid
and liquid. One more common two-phase class is aerosol, which contains solid particles
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scattered within a gas. One property of sol-gels is that the solid particles are evenly distributed
throughout the mixture, rather than congregating at the bottom of the liquid.
Both PZT and bismuth titanate sol-gel exist [19], but the samples in this thesis use only
PZT sol-gel and bismuth titanate powder. For spray-on transducers, the sol-gel is a mixture of
solid strands of PZT particles suspended in a liquid mixture of water and organics [17].
PZT and bismuth titanate sol-gel is made by mixing metal-organic precursors. The bonds
between the metals and the organic molecules are weak enough that mixtures of different
precursors will spontaneously react to form PZT. PZT sol-gel synthesizes by forming two
solutions and mixing them together: lead acetate trihydrate with acetic acid (Solution A), and
zirconium propoxide with titanium isopropoxide (Solution B) [Fig. 1.2].
Lead acetate exists as a crystal which dissolves in acetic acid. Solution A sits on the hot
plate at 100°C for 20 minutes to evaporate the water from the trihydrate crystal. Solution B
contains zirconium and titanium organic solutions. Titanium isopropoxide in particular will
quickly react with water to form titanium dioxide TiO2. Titanium dioxide is quite stable and will
not react with zirconium or lead to form PZT [22]. For this reason the water is evaporated from
solution A prior to mixing with solution B, and the sol-gel fabrication is performed in a lowhumidity environment.

Figure 2.4: PZT sol-gel synthesis. Taken from Phiell [19].
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During the dry winter months, sol-gel is synthesized under a chemical hood in the lab.
When the humidity in the lab room exceeds 60%, the synthesis steps involving titanium are
performed inside a glovebox pumped with low-moisture nitrogen and dessicant.
The PZT sol-gel is not pure or ideal. X-ray diffraction data of the sol-gel shows peaks
corresponding to the PZT and TiO2 crystal structures. While the height of the TiO2 peak
decreased for sol-gel fabricated in lower-humidity air [6], it is impossible to fully control the
composition of sol-gel synthesized outside of a vacuum.

2.4.2 Pyrolization
The freshly-sprayed ceramic contains water and organics from the sol-gel. These
byproducts constitute about one-third the volume of the spray-paint [21]. Above 100°C, the
water evaporates from the ceramic. Between 100°C and 430°C, the other hydrocarbons from the
sol-gel evaporate from the ceramic [25]. Pyrolizing, or evaporating out the water and organics,
after each spray minimizes the severity of cracks in the ceramic resulting from this volume
reduction. Several members of Dr. Tittmann’s lab group have tried to sinter several sprays of
ceramic without first heating each spray above 100°C; the ceramic tends to crack and delaminate
from the steel substrate in this case [30]. Additionally, recent experiments including [30] have
demonstrated that spray-on ceramics containing water are electrically conducting. In sum,
evaporating the water after each spray is critical to making working transducers; evaporating the
hydrocarbons is not.
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2.4.3 Sintering
Sintering is the process of heating a powder until solid-state diffusion joins grains
together and the subsequent densification fills the air gaps [17]. Both ceramics and powdered
metals undergo sintering to improve mechanical properties [31]. Full sintering occurs at twothirds the melting temperature of the material [21]. Bismuth titanate melts at 1200°C [32]. The
zone model of grain growth states that grain-boundary diffusion begins to merge grains together
above one third the material’s melting point [33]. Based on the above theory, the spray-on
transducers begin to sinter above 400°C and will more fully sinter above 800°C.
For spray-on transducers, the pyrolized ceramic effectively consists of a sea of bismuth
titanate powder grains coated in a network of PZT strands. This composite contains roughly 95%
bismuth titanate powder and 5% PZT by mass. Impurites such as titanium oxide are also present.

2.4.4 Applying electrodes and poling
Transducers require a top electrode in order to uniformly create a voltage over the
piezoelectric ceramic. For guided wave generation, this electrode designates the geometry of the
comb transducer.
Most previous work in Dr. Tittmann’s lab used sputtered gold or platinum as the
electrode material [15,17,19-22]. Kobayashi usually uses silver paste [25-29], applied after
poling.
Poling is the process by which a ferroelectric ceramic becomes piezoelectric; capable of
converting acoustic waves to electrical signals and vice versa. For poling, the ceramic is subject
to an applied electric field greater than the ferroelectric’s coercive field. The once randomly-
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oriented electric dipoles in the ferroelectric then rotate to become preferentially oriented in the
direction of the applied field, even after the electric field is removed. Oil-bath poling and corona
poling are two methods of generating the necessary electric field.
For oil bath poling, the ferroelectric acts as a dielectric sandwiched inside a capacitor.
This means that the ferroelectric ceramic must be electrically insulating in order to become a
piezoelectric transducer. The steel pipe acts as the ground plate of the capacitor, and the metal
electrode acts as the high-voltage plate. At high DC voltages, there is a large electric field and
negligible current between the capacitor plates. Fig. 2.5 describes oil-bath poling. The entire
ceramic lies immersed in a bath of silicone oil to prevent electric arcing around the ferroelectric.
Two wires connect the substrate and electrode to the high voltage DC power supply. The voltage
from the DC power supply is set such that the electric field E in the capacitor, the quotient of the
applied voltage V over the ferroelectric thickness d, exceeds the coercive field Ec of the
ferroelectric (Eq. 2.3). As the thickness d of the spray-on ferroelectric is roughly 100 µm, a 500V
supply exceeds PZT’s coercive field of 40kV/cm [17].
Eq. 2.3

𝐸𝐸𝑐𝑐 > 𝐸𝐸 = 𝑉𝑉�𝑑𝑑
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Figure 2.5: Schematic of oil-bath poling.
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Figure 2.6: Poling apparatus at Penn State’s Electrical Characterization Lab. In top
figure, left arrow points to DC power supply, right arrow points to heated silicone oil bath unit.
Analog meters on power supply read poling voltage and current. Circled portion of poling setup
is pictured close-up in bottom figure.
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Usually poling is performed under a combination of electric field and elevated
temperature. Poling need not occur at elevated temperature; Kobayashi generated strong acoustic
signals from BiTi transducers poled at room temperature [27]. Regardless of that success, the
atoms in the crystal lattice do become more mobile as the temperature increases. Thus at higher
temperatures it becomes easier to reorient the electrical domains and more thoroughly pole the
ferroelectric. Other research groups and industries prefer to heat the ferroelectric to its Curie
Temperature above which the ferroelectric no longer contains electric dipoles, then apply the
coercive electric field as the ferroelectric cools to room temperature.
Corona poling is detailed by Searfass [20] and Kobayashi [27]. Unlike oil-bath poling,
corona poling precedes the application of an electrode.
Poling and application of the electrode complete the spray-on transducer fabrication
process. Chapters Three and Four adapt this general fabrication procedure towards two types of
complex substrates which may be safety-critical structures in industrial plants.

2.4.5 High-temperature performance
Spray-on transducers are only viable for structural health monitoring if they can
withstand high-temperature operating environments. Thus several researchers have studied how
elevated temperatures affect the strength of signals from spray-on transducers. Searfass and Pheil
have characterized the absolute temperature limits of different spray-on transducer materials with
sputtered-gold electrodes. PZT-BiTi bulk wave samples placed in a tube furnace and heated at
1.5°C/min showed no signal degradation below 500°C. [19]. Spray-on transducers with other
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material compositions performed even better during these temperature runs [19]. Searfass saw
significant degradation between 400-617°C for a small Lamb wave transducer [20].
Both Searfass and Kobayashi found that samples after initial high-temperature tests did
not fully recover their signal amplitudes, even after repoling [20, 29]. Also Kobayashi, using
corona-poled PZT-BiTi with silver paste electrodes, saw roughly 20% signal amplitude reduction
over three days at 470°C [27].
The high-temperature behavior of spray-on transducers is not yet well-characterized. At
higher temperatures diffusion rates increase [33]: between ceramic grains, between ceramic and
electrode. Additionally, the adhesion between the ceramic and metal substrate, which relies on
bonding between the sol-gel and oxide surface layer on the metal [24], may degrade during
temperature testing. Kobayashi actually designed spray-on transducers to detach from their metal
substrate molds by polishing the metal and by performing rapid thermal cycling [27].
Regardless of the mechanisms, the minor acoustic signal evolution reported by
Kobayashi and Searfass [20, 27, 29] could become an issue over the several-year lifetime
required of any eventual commercial spray-on transducers, particularly for nonlinearity
experiments. Still, spray-on transducers stand a greater chance than PVDF [7] or epoxy-bonded
transducers [23] for the numerous operations above 80°C where the exact failure site is
unpredictable.
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Chapter 3
Comb transducers for guided waves on pipes
This chapter covers progress of spray-on comb transducers on small-diameter pipe
sections. The first section describes the design of the transducer fabrication process, adapted to
pipes from the fundamentals in Chapter Two. In the second section, the transducers are tested at
room temperature for guided wave generation. These tests begin to assess whether the spray-on
transducer is feasible for the guided wave SHM methods introduced in Chapter One. As this
study is first to test spray-on transducers for pipe wave generation, transducer design was
optimized for room-temperature signal strength.

3.1 Fabrication
The pipes for this study are the same material and dimensions as popular heat-exchanger
tubing in nuclear plants: straight sections of 304 stainless steel pipe with a 2.54cm outer diameter
and 2.1mm wall thickness. The pipe sections used ranged from 20-33cm in length.
Each transducer consisted of five coats of BiTi-PZT spraypaint. The paint contained an
ultrasonically-mixed composite of 1.9g bismuth titanate and 0.9mL of PZT sol-gel. The BiTiPZT composite was selected for its superior piezoelectric properties over other sol-gel powder
composites [19]. In order to cover the circumference of the pipe with each spray, the pipe rotated
on a modified fan shown in Fig. 3.1. In order to maximize paint transfer to the pipe, a top-feed
gravity spray-gun was used. The resulting spray coats appeared to the eye at least as thick as
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those from Sinding [17] and Orr [21], who used 20% more paint per coat through a side-feed
spray-gun to deposit a ceramic thickness of 20µm per coat.

Figure 3.1: Left, applying first coat to a pipe sample. Often a ring of paper masked a
portion of the pipe from the spraypaint. Right, pipe fixture on the fan. By spinning the pipe
sample during spray, the coat achieved a more uniform thickness.

3.1.1 Induction heating for pyrolization and sintering
The ceramic is subject to several thermal treatments after deposition and prior to
becoming piezoelectric. In order for the ceramic to be electrically insulating for successful
poling, each spray must be pyrolized at 100°C to evaporate the water from the sol-gel. Generally
the ceramic is also sintered at higher temperatures after the final spray to increase the ceramic’s
density.
The design of the thermal treatments to the pipe and ceramic evolved from Sinding’s
method [19] out of necessity. Sinding pyrolized 2.5cm diameter, 2.5cm long rod samples on a
hot plate after each spray, and sintered with a blowtorch. This technique produced a low yield of
working rod samples; results were even worse for pipe samples pyrolized as in Fig. 3.2. The
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ceramic on some samples delaminated from the steel substrate after sintering. Other samples
retained the ceramic-steel bonding at a cost of numerous large cracks in the ceramic. These
cracks provided an avenue for the metal electrode to short through the ceramic and cause
electrical breakdown during the subsequent poling procedure.

Figure 3.2: Recreation of hot-plate pyrolization. Rod sample is 2.5cm high; hollow pipe
sample is 5-8cm above 400°C hot plate surface. Insulation placed between chemical hood
window and samples mitigates convection cooling. Even with insulation, pipes containing three
or more ceramic sprays do not near the desired temperature of 100°C, as measured by laser IR
thermometer.
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Figure 3.3: Six-ring induction heater pyrolizing the ceramic on a pipe sample.

In the final fabrication design, the induction heater also sintered the spray-on ceramic
after applying the final coat. The adjustable power setting on the induction heater allowed
gradual heating to and cooling from the sintering temperature. Prior to induction-sintering,
blowtorch-sintered pipe samples audibly cracked and delaminated during rapid cooling to room
temperature. Where most blowtorch-sintered pipe samples experienced substantial cracking and
delamination, delamination only occurred for the induction-sintered samples that were not first
properly pyrolized.
Samples were tested at different sintering temperatures. Most samples were sintered
between 400°C and 470°C. At this temperature, organics evaporate from the sol-gel, and grainboundary diffusion between the BiTi powders becomes significant. Other pipes, including the
pipe 2 shown in Fig. 3.2, were sintered closer to the standard blowtorch temperature used by
Sinding [17], where the steel glows red at 600°C. Three other pipe samples sintered at 600°C
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were not able to hold above 150V during poling. In an attempt to recreate of the strong signals
from several low-temperature-sintered rod samples [30], the guided wave transmitter in pipe N3
was sintered between 100-150°C. Where possible, thermocouples spot-welded to the inner
diameter of the pipe provided the temperature measurements. When samples were sintered
farther from the pipe edge than the spot-welder could reach, the author used the same induction
heater power settings and estimated temperatures to be equivalent.
At first, samples were sintered using a four-ring induction heater coil. This coil sintered
approximately a 2cm length of pipe, enough for a four-element, 3.25mm wavelength comb
transducer. A six-ring induction heater coil was used to sinter the larger ceramic area required for
an eight-ring comb transducer. Samples sintered with this six-ring coil saw more concentrated
heating. This coil uniformly heated the pipe section positioned between the second and fifth
rings of the coil. Temperatures decreased rapidly outside this zone; the thermal expansion of the
steel substrate combined with the large axial thermal gradient caused substantial ceramic
cracking on the fringes underneath the first and sixth coil rings.

Figure 3.4: Ceramic sintered with six-ring induction coil at 450°C. Sintered area has
yellow tinge. Arrows point to the dark, cracked fringes that lay under the terminal winds of the
heater coil. Unsintered area is white.
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The failure of several pipe samples to successfully pole was attributed to microcracks.
Microcracks, shown in Fig. 3.5, form in the ceramic after sintering. It is thought that tendrils of
silver paint seep into the microcracks, providing avenues for low-voltage electric breakdown
across the ceramic. These microcracks form as a result of thermal expansion mismatch between
the bismuth titanate ceramic (α = 4.4-8.6 °C-1 at 25°C [32]) and the 304 stainless steel (α = 16.9
°C-1 at 25°C [34]). Microcracks are most prevalent in ceramics sintered at higher temperatures,
placing a practical temperature limit around 430°C for sintering pipe samples.

Figure 3.5: Microcracks from induction-sintered pipe samples, viewed through an optical
microscope. These samples were painted with silver electrodes and became working transducers.
Still, microcracks may provide space for metal paint electrodes to diffuse through to the
substrate. Width and density of microcracks were proportional to sintering temperature.

3.1.2 Applying electrodes and poling
Most previous work in Dr. Tittmann’s lab used sputtered gold or platinum as the
electrode material [15,17,19-22] Sputter-coating takes place in a vacuum chamber, and is
therefore not feasible for electrode deposition on 8-14” long pipes. Instead, electrodes were
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created of SPI high-purity silver paint. Silver paint is a colloidal suspension of crystalline silver
particles in a volatile organic solvent. SPI silver paint contains 43% silver, a nonviscous volatile
organic solvent, and a nonvolatile polymer [35]. Silver paint is less forgiving than sputtered gold
or platinum for poling or high-temperature experiments, as the paint is more likely to diffuse into
the ceramic. This sensitivity may result from silver having a smaller atomic radius than gold or
platinum [17], or from the newly-painted silver being mobilized by its liquid solvent.
For most pipe samples, silver was painted circumferentially along 15-30mm length of
pipe, and then left overnight to dry at room temperature. Because the cured paint contains flakes
of silver in a polymer matrix [35], a poorly-stirred paint is not always conductive. These patches
of insulating paint may be an issue for narrow electrodes, but nonconductive electrodes were
usually not an issue. A digital multimeter can readily confirm that the electrode is conductive as
desired.
After curing the electrode, samples were poled. Samples were poled using the apparatus
in Fig. 3.6. The entire ceramic lay immersed in a bath of silicone oil to prevent electric arcing
around the ferroelectric. Two wires connected the pipe and electrode to the high voltage DC
power supply. The voltage from the DC power supply is set in the range 450-650V. As the
thickness d of the spray-on ferroelectric was roughly 100 µm, applying more than 400V supply
was enough to exceed PZT’s coercive field of 40kV/cm [17].
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Figure 3.6: Preparing to oil-bath pole a pipe. Wires corresponding to the top arrows
connect to high voltage and ground outputs of the DC power supply. Black shielded wire and
clip connect high voltage to metal electrode. Metal clamp electrically grounds pipe to the
apparatus. For poling, brass plate rests on steel oil-bath chamber (bottom), and silicone oil
immerses the pipe electrode.

The pipe transducers in this study were poled by the oil-bath technique, out of
convenience. The oil bath in Penn State’s Electrical Characterization Lab can circulate the
silicone oil through heat exchangers to adjust the poling temperature. Samples were heated to
80°C for poling.
Because oil bath poling equipment was most readily available, no samples were corona
poled.
Most transducers were patterned into comb transducers by laser ablation. In this case, a
wide (15-30mm) length of the ceramic was first painted with silver and poled. Afterwards a laser
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ablated away rings of the silver electrode, creating a comb transducer of several electricallyconnected ring elements. The ceramic underneath the ablated silver remains poled but oxidized
on the surface into a black color.
It is important that ceramic remains underneath the ablated portions of the transmitter
transducers. Air breaks down at a lower electric field than spray-on ceramic does. Where the
laser ablates through both electrode and ceramic to bare steel, there is just 100µm of air between
the electrode and ground. Blue sparks fly during high-power pulsing of those transducers.

3.1.3 Design of comb transducers for pipe experiments
The geometry and positioning of comb transducers for this project are based on the
material in sections 1.4 and 1.5. Thus the dispersion curve for the pipe samples, first shown as
Figs. 1.2 and 1.3, are recreated here as Figs. 3.7 and 3.8.
For this project, the active transducer excites the L(0,4) mode at a phase velocity equal to
the bulk longitudinal wave speed in 304 stainless steel, corresponding to the frequency 1830kHz
(Fig. 3.7). This frequency was selected even though the L(0,4) group velocity reaches its
maximum around 2100kHz (Fig. 3.8) and is dispersive at the selected frequency.

39

Figure 3.7: Phase velocity dispersion curve for the pipe samples tested in this chapter.
The comb transducer activates the L(0,4) at the bulk longitudinal wave speed, corresponding to a
frequency 1.83MHz and a wavelength 3.25mm. The L(0,5) at 3.66MHz is its second harmonic.
Taken from [6].

Figure 3.8: Corresponding group velocity dispersion curve. Vertical blue line shows
excitation 1.83MHz excitation frequency, and small black circles show the group velocities of
the different modes at that frequency. The L(0,5) second harmonic at 3.66MHz has the same
group velocity, 4.6mm/µs, the primary L(0,4) signal. Brown x-marks show where different
modes are nondispersive.

The L(0,4) mode is special at 1.83MHz, as it becomes suitable for nonlinear ultrasonic
testing. From the phase velocity curve in Fig. 3.7, at exactly twice the frequency of the L(0,4)
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mode, the L(0,5) mode has the same phase velocity. This phenomenon means that the L(0,5) at
3.66MHz is the second harmonic of the L(0,4) at 1.83MHz. As the primary L(0,4) and second
harmonic L(0,5) have equivalent group and phase velocities (Figs. 3.7, 3.8) and all axisymmetric
modes including L(0,4) have nonzero power flux to secondary modes [12], the L(0,4) at
1.83MHz satisfies all the conditions for cumulative second harmonic generation, a phenomenon
used for nonlinearity testing [11].
In order to preferentially excite the L(0,4) at 1.83MHz, a comb transducer with 3.25mm
element spacing was fabricated. Fig. 3.9 shows one such four-element comb transducer. Newer
comb transducers, such as the one in Fig. 3.10, used six- or eight-element comb transducers to
more-preferentially excite only the L(0,4) wavelength.

Figure 3.9: Four-element comb transducer around a pipe. The four active piezoelectric
elements lie underneath 1.82mm wide strips silver paint, separated by equally-wide dark rings of
oxidized ceramic. The comb transducer will prefer to transmit or detect guided waves with a
3.25mm wavelength, although the transducer maintains some sensitivity to other wavelengths.

Fig. 3.10 shows the final design of comb transducers on a pipe sample, determined using
the dispersion curves. The transmitting transducer uses a spacing of 3.25mm, corresponding to
the wavelength of the L(0,4) at 1.833MHz. The other transducer is tuned to the second harmonic
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L(0,5) at a wavelength 1.82mm, so the comb elements are half as thin and twice as close together
as the transmitting transducer’s comb elements. Secondly, the two transducers are spaced
220mm apart so the L(0,4) waveform is distinct from the slower modes. The transmitter will
excite all symmetric modes at 1.833MHz, so at a shorter distance away the L(0,4) (group
velocity 4.6mm/µs) will overlap with the L(0,3) (group velocity 3.36mm/µs). Finally, the
transducers are placed 60mm away from the ends of the pipe in order that the first L(0,4) signal
is distinct from its end-wall reflection.

Figure 3.10: Final comb transducer design on pipe sample N3. Transmitting transducer is
on left, receiving transducer is on right. Group velocity calculations for each excited mode used
these distances between transducers and ends of pipe section. In theory, the transmitting comb on
the left generates a pulse of the L(0,4) mode, which generates some 2nd harmonic, the L(0,5)
mode, as the wave packet propagates towards the receiver. The transmitter comb has a spacing of
λ0 = 3.25mm corresponding to the L(0,4) wavelength at frequency f0 = 1.83MHz; the receiving
comb’s ½ λ0 = 1.82mm spacing matches the wavelength of the L(0,5) mode at 2f0 = 3.86MHz.

3.2 Guided wave testing
This thesis details the capabilities of the first spray-on comb transducers. This section
covers several baby steps towards making spray-on transducers useful for existing guided-wave
monitoring methods.
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3.2.1 Testing method
In order to generate useful signals, transducers generate guided waves at one specific
frequency. An electrical toneburst containing several cycles of a sine wave activates the
transducer. Generating a high-voltage, megahertz-frequency toneburst requires large electronic
equipment. Shown in Fig. 3.11, a RITEC toneburst computer with a power amplifier powered the
comb transducers for this study.

Figure 3.11: The author setting controls for the large RITEC high-power toneburst
generator. The white and blue box with cable outputs is the power amplifier, which amplifies 1V
into 1kV tonebursts.
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Figure 3.12: Schematic of guided wave testing setup. Diagram shows boxes for RITEC,
150Ω load, and oscilloscope. High voltage toneburst signal activates transmitter, which sends
guided waves, designated here as blue arrows, through the pipe in both directions. A low-power
toneburst trigger signal can be used to determine precisely the time that the transmitter creates
the guided waves. Adapted from Li [13].

Fig. 3.12 explains the testing setup. Each second, the RITEC produces several bursts of a
15-cycle, 400Vpp amplitude, 1.83MHz sine wave. The transmitting transducer converts this
electrical toneburst to an acoustic wave propagating along the pipe in both directions. A second
transducer detects that acoustic wave, converts the wave into electrical energy, and sends the
signal back to the RITEC machine. The RITEC applies gain to the signal, and then sends that
amplified signal to an oscilloscope for interpretation.
Numerous guided wave tests incorporated both spray-on comb transducers and wedge
transducers. While wedge transducers are not suitable for high-temperature monitoring, they are
superior to spray-on transducers for room temperature guided wave generation. Thus coupling
with a comb transducer in through-transmission tests helps serves to compare the comb
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transducers’ strengths. The graphs in this chapter indicate when a wedge is used as a transmitter
or receiver.

3.2.2 Linear ultrasonic testing
Pipe 1, shown in Fig. 3.13, served as a proof-of-concept for through-transmission of
guided waves. The RITEC activated a four-element comb transmitter, and measured signals
when resulting guided waves passed underneath the four-element spray-on comb receiver. Fig.
3.14 shows the electromagnetic toneburst signal arriving at 0µs and a variety of acoustical wave
modes arriving between 50-120µs. In order to interpret which signals correspond to which
guided wave mode, Table 3.1 uses propagation distances (from Fig. 3.13) and theoretical group
velocities (from Fig. 3.8) to predict times of arrival for each mode. These calculations assume
that the transmitter will excite all four available modes at the toneburst frequency 1.83MHz, even
though the comb transducer should preferentially excite the L(0,4) at 1.83MHz.
Several observations confirm that the theoretical arrival times (Table 3.1) are in
agreement with the experimental signal (Fig. 3.14). First, a Fourier Transform of the entire wave
train contains a single peak at 1.83MHz, confirming that the transmitter only excites wave modes
at the toneburst frequency. Second, the theoretical L(0,4) arrival times coincide with the initial
signal and largest signal. This data confirms that the spray-on transducers could send and detect
the desired L(0,4) mode, as no other modes should arrive near the first signal at 50µs. Third, if
only the L(0,4) mode were generated, the first signal should be the highest amplitude signal, but
this is not the case. Rather, the largest, fattest signal, between 75-85µs, corresponds to a

45

superposition of the theoretical L(0,4), L(0,3), and L(0,2) wave modes, some arriving after endwall reflections.

Figure 3.13: Pipe 1, the first sample to include two comb circumferential comb
transducers on a pipe. The transmitting transducer is positioned 60mm away from the end wall
and 220mm away from the receiving transducer. When a toneburst activates the transmitter,
short packets of guided wave modes, indicated by green lines, propagate along the pipe in both
directions and reflect off the ends of the pipe. The receiver detects when guided waves pass
underneath it. Green arrows show the order in which waves reach the receiver.
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Figure 3.14: Experimental waveform detected by the pipe 1 receiver. A 15-cycle RITEC
toneburst at 1.83MHz and peak-to-peak amplitude 500V activated the transmitter. The waveform
above is measured by the receiver and amplified with 50dB gain. The fat signal at 0µs is the
original electric toneburst reaching the receiver at the speed of light. The next signal at 50µs is
the desired L(0,4) mode, after which many other signals appear from a range of modes.

Table 3.1: Predicted times of received signals from pipe 1 operating in throughtransmission. Group velocities taken from Fig. 3.8 are for symmetric longitudinal modes at f0 =
1.83MHz; distances of propagation are from Fig 3.13. Calculated mode detection times indicate
that different wave pulses overlap. The second instance of L(0,4) at 60µs overlaps with initial
L(0,4) signal at 50 µs. Highest-amplitude signals at 70 µs and 80 µs are superpositions of 2-3
wave pulses
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Pipe 1 served as a useful proof-of-concept for guided wave generation, but the
transducer design is not suitable for more advanced through-transmission studies. Pipe 1 would
not detect manufactured cracks; any crack reflections signals would be buried from the end wall
reflection signals shown in Fig. 3.13. Pipe 1 would not respond to nonlinear tests; the receiver’s
comb element spacing is not designed to detect second harmonics. Thus additional pipe samples
were fabricated for further experiments.

3.2.3: Nonlinear ultrasonic testing
Pipe N3, shown in Fig. 3.10, was fabricated to test spray-on comb transducers for
cumulative 2nd harmonic generation. The attempt was unsuccessful.
Interestingly, the unpatterned spray-on transducer receiver was able to weakly detect a
signal from the primary comb transducer, shown in Fig. 3.15. However, the strength of received
signals did not improve after laser-patterning the receiver into a 10 element, 1.82mm comb
transducer for 2nd harmonic detection.
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Figure 3.15: Pipe N3 through-transmission from 6-element, 3.25mm comb transducer to
20mm long spray-on transducer. The main signal at 55µs corresponds to a group velocity
4.0mm/µs, which is a bit slow for the L(0,4).

Because Pipe N3’s spray-on transducers performed poorly together in throughtransmission, their acoustic strengths were individually tested. A strong 2.25MHz longitudinal
wedge transducer sent 15-cycle, 1.82MHz tonebursts to each of the two spray-on comb
transducers to compare signal strengths. From this test, the primary comb transducer (Fig. 3.16)
was weaker than the second harmonic receiver (Fig. 3.17).
The primary comb transducer could be performing poorly for a number of reasons. First,
there could be regions of insufficient conductivity in the silver electrode which prevents proper
electric field formation across the ceramic during poling and acoustic testing. Second, the 500V
(1kVpp) toneburst applied to the comb during through-transmission tests could have changed the
polarization of the ceramic. Third, using low temperature thermal treatments rather than sintering
could have limited that ceramic’s grain growth and d31, which may be more critical for guided
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wave generation than for the bulk wave generation that was used for EPRI [30]. To lend some
weight to this last hypothesis, the primary comb was the only non-sintered pipe transducer that
was not thermally-treated above 150°C, and also was the worst-performing pipe transducer.

Figure 3.16: Wedge transducer transmitting a 1.82MHz toneburst over 12cm of pipe to
the primary 6-element, 3.25mm comb transducer.

Figure 3.17: Wedge transducer transmitting a 1.82MHz toneburst over 12cm of pipe to
the secondary 10-element, 1.82mm comb transducer. Fig. 3.18 is a FFT of the largest L(0,1)
signal in the indicated window.
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Figure 3.18: Wedge to Second harmonic comb transducer. FFT of the largest signal.
Some harmonics are visible, but it is unknown whether the harmonics were caused by the
original toneburst, the wedge transducer, or the pipe nonlinearity. Taking A1=0.0138 and
A2=0.8e-4, the relative nonlinearity parameter A2/A12 is 0.4.

3.2.4: Guided wave transducers without laser-patterning
Laser-ablation is not the most feasible process for patterning comb transducers on large
structures. Painting silver over a mask may be a more deployable alternative to fabricating hightemperature comb electrodes. This technique was tested on Pipe 2, shown in Fig. 3.19. The silver
electrode in Pipe 2 is clearly less clean and well-defined than the laser-patterned electrodes in
Figs. 3.9, 3.10, and 3.13. However, the pulse-echo waveform shown in Fig. 3.20 demonstrates
that this messier comb transducer can send and detect several guided wave modes travelling
across 0.4m of pipe.
Unfortunately, this mask cannot be intimately taped to the ceramic before painting. Were
this possible, the painted electrodes could be more precise. However, in practice the bond
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between traditional tapes and the ceramic is as strong as bonding between the ceramic and the
steel substrate. Therefore the process of removing tape mask will peel off pieces of ceramic and
ruin the transducer. The data in Fig. 3.20 show that clean comb elements are not essential for
guided wave generation; however the current mask method is unable to generate distinct comb
elements of less than 1.8mm in thickness.

Figure 3.19: Pipe 2, a five-spray, eight-element PZT-BiTi transducer situated 25mm and
200mm from the two ends of the steel tubing. The silver electrode on this sample was painted
over a metal foil mask, making a less controllable but more field-deployable comb transducer
than the laser-ablation method.
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Figure 3.20: Room temperature signals from pipe #2. The first reflection of the L(0,4)
(cg ~4.6mm/µs) from the far end (400mm round trip) occurs at 86 microseconds. The signal
designated by the arrow is likely a superposition of three L(0,4) signals, as the comb transducer
is so close to the near wall.
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Chapter 4
In-field fabrication on steel mockup structure
Spray-on transducers are still in the research and development phase. Dr. Tittmann’s
group often fabricates transducers on small laboratory specimens, with the use of equipment that
only fits small samples. For instance, 2.5cm rod samples may use a hot plate for pyrolization, a
5cm diameter tube furnace for sintering, a 15cm diameter vacuum chamber for sputter coating
electrodes, and a fully contained oil bath apparatus for poling [20]. Translating this fabrication
process to practical, larger structures requires substantial changes to the process design.
There are two visions for implementing spray-on transducers. One method is fabrication
on a part within its manufacturing facility. This method effectively is a value-added coating
process applied to an easily portable section of formed steel.
The other method is fabrication on existing infrastructure. Unlike the current laboratory
and potential manufacturing facility methods, the transducer substrates here are immobile. Thus
rather than keep the processing equipment in place and moving the samples around, in-field
fabrication requires fully portable processing equipment.
As a proof-of-concept of in-field fabrication, two comb transducers were prepared on a
large steel mockup structure.

4.1 Processing equipment
Laboratory fabrication takes place inside a chemical hood, to isolate paint toxins from the
broader environment. The spray-gun is powered by a compressed gas line. Samples may be
pyrolized on a hot plate, sintered in a tube furnace, electrode in a vacuum sputtering chamber,
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and poled in an oil bath. This equipment is ideal for short rods, but will not fit large structures.
Thus in-field deposition requires alternatives to this equipment.
An air compressor replaces the compressed air line. An induction heater with a pancake
coil heats the ceramic to pyrolization and sintering temperatures used for pipe and rod samples.
A small 3kV high power supply box replaces the oil bath poling unit.
This equipment is inexpensive by the standards of industrial processing. The high power
supply each cost less than $3000 new to own, the induction heater less than $10,000. A highervoltage DC power supply, such as the 28kV supply used by Kobayashi for corona poling [27],
costs significantly more money, but the 3kV unit supplies more than enough voltage for oil-bath
poling.
This portable equipment requires only electricity inputs. The system can function with
one six-plug power strip.

4.2 Fabrication

Figure 4.1: (left to right) steel surface coarsened and degreased before spraying;
constrained spray field; first coat.
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Figure 4.2: Side view of structure during pyrolization. Left, induction heater coil
positioned on rear, directly across spray-on ceramic. Right, air compressor and hose to power the
spraygun. Transducers were sprayed with three coats of PZT-BiTi, using paint prepared in the
chemical hood. Figure 4.1 displays the spraying procedure.

Because the steel mockup structure used thin steel with little curvature, the induction
heater was positioned on the rear side of the structure (Fig. 4.2) for pyrolization and sintering.
This arrangement allowed easy inspection of the ceramic during heating, and ready use of a laser
infrared thermometer to record ceramic temperatures. The induction heater pyrolized each spray
at 100-150°C using 40A and 110W, and sintered the final three-coat ceramic at 240-300°C with
65A and 300W. The current and power measurements were from the induction heater display
panel, and the temperature measurements from the infrared thermometer. The actual emissivity is
unknown, but because the transducer is not an ideal blackbody, actual sintering temperatures
exceeded these measured values. Temperatures varied across the ceramic, because the small
pancake coil unevenly heated the steel underneath the ceramic.
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Figure 4.3: Poling setup. Left, entire setup, showing high-voltage supply on the ground
and grounding rod against the structure. The network of red and white wires and the large ring of
rectangular transducers are left over from a previous thesis project [36]. Right, close-up of
transducer, with red high-voltage clip connecting to silver electrode via screw. Plumbers’ putty,
masking tape and balsa wood support the high-voltage connection.
Silver paint applied over a steel foil mask formed the comb transducers’ electrodes.
These transducers were designed to excite the S1 Lamb wave mode at the longitudinal wave
speed, which is the flat plate analogue of the excited guided wave in the pipe transducers.
Because the structure’s 6.35mm thick steel [36] was thicker than the 2.1mm thick, the comb
transducer elements could be fatter and easier to paint.
Because the transducer was prepared with amateur technique, many of the electrode
strips were short-circuited to the steel structure. These undesired electrical connections likely

57

occurred where silver painted over pores in the ceramic. A magnifying glass revealed several
such pores in the 30cm2 ceramic sprays. Applying additional sprays of ceramic would likely
cover these pores.
The two comb elements with no measurable conductivity were poled according to Fig.
4.3. The 3kV power supply, shown on the bottom left of Fig. 4.3, provided 300-370V across the
three sprays of ceramic (~60µm thick, for an electric field exceeding 50kv/cm). An induction
heater positioned as in Fig. 4.2 heated the transducer to about 100°C for poling. Previous work in
Dr. Tittmann’s lab suggests that increased poling voltages and temperatures correspond to
stronger piezoelectricity; this poling procedure, performed above 40kV/cm and 25°C, was ideal.
These transducers, shown in Fig. 4.4, were the first to be poled without an oil bath. This
technique is not recommended in future work, as many sparks in the air dealt the electrodes both
visual and functional damage. The dark splotch on Strip 6 formed underneath the high-voltage
screw and actually disconnected the electrode into two parts.
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Figure 4.4: First and second mockup structure transducers after poling Eight comb
element strips were electrically isolated from each other. Two arrows point to the two poled
transducers: left arrow to strip 1 and right arrow to strip 6. Dark splotches on the silver paint are
burn marks from poling, where sparking either ablated or changed the silver to a nonconductive
chemistry.

4.3 Testing
The two poled transducers were tested in pulse-echo mode. Figures 4.5 and 4.6 show
many strong through-thickness echoes, using 50µJ pulses with 40dB gain. The echoes are
separated by 2.08µs. This time of flight corresponds to the ultrasound traveling at 6.1mm/µs,
approximately the longitudinal wave speed of steel [6], through the steel thickness and reflecting
back to the transducer.
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Figure 4.5: Mockup structure transducer element generating through-thickness echoes.

Figure 4.6: Mockup structure transducer element generating through-thickness echoes,
from the portion of Strip 6 above the disconnect (Figure 4.4).
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4.4 Interpretation and future work
Because most of the initial comb transducer elements could be poled, those spray-on
transducers are not practical as Lamb wave actuators. However, the individual elements may be
tested as Lamb wave receivers. Existing comb transducers from the previous project with the
steel mockup structure can generate the S1 Lamb wave underneath the spray-on transducers.
This experiment is planned as future work.
The strong signals from the first transducers fabricated by this technique bode well for
the future of the technology. However, poling in air will not make an acceptable industry
practice. The fragile connection between the screw and electrode also likely caused some
sparking. A higher-quality portable poling unit will improve future experiments on large
structures. Perhaps a small fiberglass open-roof box with a spring-loaded high-voltage line could
surround the transducer. Plumber’s putty and tape would seal the box to the structure, and
electrically insulating mineral oil could fill the box.
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Chapter 5
Conclusions
Spray-on transducers are versatile. Their capabilities were demonstrated on previously
untested substrate geometries and ultrasound generation modes. For one, it is possible to
fabricate spray-on comb transducers around small-diameter pipes. A system of two spray-on
comb transducers with a RITEC pulser-receiver actively sent and detected multiple
distinguishable guided wave modes through 0.2 meters of pipe. Additionally, spray-on
transducers can be fabricated with economical, portable equipment on large structures to
generate strong bulk acoustic waves.
Spray-on transducers may be useful for guided wave structural health monitoring. The
first research step towards guided wave monitoring, whether spray-on transducers can transmit a
distinguishable acoustic mode through a structure, was demonstrated here. The next step,
demonstrating whether the L(0,4) acoustical mode is sensitive to notch defects, is recommended
as future work.
This generation of spray-on transducers cannot feasibly measure cumulative second
harmonic generation. The comb transducers are currently too weak to generate suitably largeamplitude signals for measuring a second harmonic. Furthermore, long-term high-temperature
tests from previous researchers show that spray-on transducers are currently not fully stable
above 400°C. Thus spray-on transducers are not yet feasible for nonlinearity tests, which assume
no degradation from either transducer or acoustic couplant between transducer and substrate.
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Additional studies and design changes are necessary to enable spray-on transducers for
monitoring challenging variables such as high-temperature harmonic generation. First, hightemperature transducer degradation mechanisms must be characterized and mitigated, perhaps
with diffusion barrier layers. Second, different guided wave transducer designs should be
modeled and/or tested on easy-to-fabricate flat plate samples. This experiment could test whether
either interdigital transducers or comb transducers laser-ablated through the ceramic would
improve guided wave generation. Finally, different ferroelectric transducer materials and
sintering treatments should be tested to compare the impact on d33, d31, and guided wave
generation. By performing these experiments and acting on these potential design changes,
spray-on comb transducers may generate stronger guided waves for increased defect sensitivity,
larger inspection regions, and improved high-temperature performance.
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Appendix A
ABET outcomes
This thesis work demonstrates many ABET Outcomes required of the B.S. Engineering Science
student.
Problem Statement and Objectives *(j)
Literature Review *(i)
Design Needs *(c)
Design of Experiments *(b)
Analysis *(b)
Interpretation *(b)
Future Work Suggestions *(i)
Team (d)
Tools *(k)
Broader Impacts *(h)

The sections that are required are to enable assessment of ABET program outcomes, which are:
(a) an ability to apply knowledge of mathematics, science, and engineering
(b) an ability to design and conduct experiments, as well as to analyze and interpret data
(c) an ability to design a system, component, or process to meet desired needs with realistic
constraints such as economic, environmental, social, political, ethical, health and safety,
manufacturability, and sustainability
(d) an ability to function on multi-disciplinary teams
(e) an ability to identify, formulate, and solve engineering problems
(f) an understanding of professional and ethical responsibility
(g) an ability to communicate effectively
(h) the broad education necessary to understand the impact of engineering solutions in a global,
economical, environmental, and social context
(i) a recognition of the need for, and an ability to engage in life-long learning
(j) a knowledge of contemporary issues
(k) an ability to use the techniques, skills, and modern engineering tools necessary for engineering
practice.

The abstract, page 1, and section 1.3 indicate a knowledge of the contemporary issue of
catastrophic failure prevention. Chapters One and Two are literature reviews. Sections 1.4, 1.5, and the
introduction to Chapter Four address design needs of an eventual spray-on comb transducer to accomplish
structural health monitoring. Sections 3.1.1, 3.1.3, and 4.2 describe design of experiments. Analysis of
guided wave data occurs in sections 3.2.2, 3.2.3, 3.2.4; analysis of bulk wave data occurs in section 4.3.
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These sections as well as sections 4.4 and Chapter Five interpret the data for its significance towards
development of a commercial spray-on transducer. Future work suggestions are supplied in sections 4.4
and Chapter Five.
The multidisciplinary team is described in the acknowledgements, as well as in Chapter Two’s
mentions of Sinding, Pheil, Searfass, Orr and Dr. Tittmann’s research group. Dr. Lissenden’s group
supplied the guided waves expertise, and Dr. Tittmann’s group brought the materials science background
of the spray-on transducer. This work was also part of the Nuclear Energy University Program’s Award
No. 00120237, a collaboration between Dr. Tittmann and Dr. Lissenden.
The tools for spray-on transducer fabrication and testing are described in sections 3.1, 3.2.1, and
4.1. The broader impacts of this spray-on transducer development work are discussed on page 1-2 and
section 2.3.
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